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Introduction
The RHEA Project

The availability of new technologies, such as positioning systems (GPS), ge-
ographic information systems (GIS), sensors, automation of agricultural ma-
chinery, and high resolution image sensing has made possible an accurate 
management of agricultural land. Thus, the concept of Precision Agriculture 
has come out as the management strategy that uses information technolo-
gies to collect and process data from multiple sources in order to facilitate 
decisions associated with crop production. 
The Seventh Framework Programme project RHEA “Robot Fleets for Highly 
Effective Agricultural and Forestry Management” (FP7-NMP N. 245986) fo-
cuses on the design, development, and testing of a new generation of auto-
matic and robotic systems for both chemical and physical –mechanical and 
thermal– effective weed management for agriculture and forestry, and co-
vers a large variety of European products including agriculture wide row 
crops, close row crops and woody perennials. 
RHEA aims at diminishing the use of agricultural and forestry chemical in-
puts, improving crop quality, health and safety for humans, and reducing 

heterogeneous robots –ground and aerial– equipped with advanced percep-
tion systems, enhanced end-effectors and improved decision control algori-
thms. 
The RHEA consortium joints a number of multidisciplinary, experienced re-

up their individual efforts in a holistic manner to give birth to a new man-
ner of applying automatic systems to agriculture and forestry crops with an 
important impact in improving the economy and environment as well as in 
maintaining the sustainability of rural areas by launching new technological 
jobs.

Pablo Gonzalez-de-Santos
RHEA Project coordinator
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Foreword

The papers reported in the proceedings of this First International Con-
ference on: “Robotics and associated High-technologies and Equipment 
for Agriculture - Applications of automated systems and robotics for crop pro-
tection in sustainable precision agriculture”, are partly (about 50%) the result 

and forestry management-FP7-NMP 245986) and partly concern with the 
results obtained in other researches carried out by scientists “external” 
to the RHEA Project, but involved in similar subjects of study. However, 
the quality of the papers presented is really high, thus these proceedings 

the research subjects related to the “Applications of automated systems and 
robotics for crop protection in sustainable precision agriculture”.
In the call for papers researchers and scientists from all Countries of the 
world were invited to participate to the Conference, presenting ideas, 
research results, works in progress and system demonstrations related to 
two main themes including six main topics that were successively sha-
red in twelve different sessions.

Theme (1), “Strategies and tools for precision farming” included three 
main topics: topic 1.1 “Automated machines for chemical weed control”, topic 
1.2 “Automated machines for physical weed control” and topic 1.3 “Automa-
ted machines for tree crop protection” (this latter shared in two different 
sessions: Session 1: Equipment innovation and Session 2: Device inno-
vation).
Theme (2), “Automation and robotics for precision agriculture” in-
cluded three main topics: topic 2.1 “Design and control of automated agri-
cultural vehicles and systems (shared in: Session 1: Control algorithms for 
agricultural mobile robots; Session 2: Manipulation in agricultural tasks; 
Session 3: Sensorial systems for agriculture; Session 4: New trends in 
mobile robotics in agriculture), topic 2.2 “Computer vision and image analy-
sis in agricultural processes” (shared in Session 1: Advanced procedures 
for image analysis of remotely sensed data in cropping systems; Session 
2: Weed-Crop discrimination; Session 3: Advanced sensors systems in 
agricultural environments) and  topic 2.3 “ICT technologies in precision 
agriculture”.

The Conference that was held in the very beautiful city of Pisa, Italy, on 
September 19, 20 and 21, 2012, was attended by more than 70 partici-
pants coming from 13 different European, North American and African 
Countries (Austria, Belgium, Cameroon, Denmark, France, Germany, 
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Greece, Italy, Norway, Slovenia, Spain, Switzerland and USA) that pre-
sented more than 50 papers.
Thus, I think that the objectives of this Conference that were both to dis-
seminate the RHEA project results and to have more knowledge of the 
results obtained in other research projects on similar subjects motivating 

As General Chairperson, organizer and editor of these proceedings, I 

will be followed by a second International Conference in 2014 at the end 
of the RHEA Project. 

Andrea Peruzzi – University of Pisa
RHEA Conference General Chairman
and Editor of the Proceedings
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TOPIC No 1.1 
 
Hurdles to overcome in the development of spatially variable 

weed control (patch spraying) 
 

Peter Lutman 
 

Rothamsted Research, Harpenden, Hertfordshire, AL5 2JQ. UK  
(email peter.lutman@btinternet.com) 

 
Keywords:  weed management, herbicide, weed thresholds, 
herbicide application  

 
Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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THEME 1 - Strategies And Tools For Precision Agriculture 

THE EU FRAMEWORK DIRECTIVE ON SUSTAINABLE 
PESTICIDE USE: PROSPECTS FOR SITE-SPECIFIC 

WEED MANAGEMENT

BÀRBERI P.1

1Institute of Life Sciences, Scuola Superiore Sant’Anna, Piazza Martiri della 
Libertà 33, 56127 Pisa PI, Italy, barberi@sssup.it

Keywords: herbicide, IPM, pesticide use, precision agriculture, 
sustainable agriculture

ABSTRACT
The sustainable use of pesticides was one of the seven Thematic Strategies 
to be addressed in the Sixth EU Environment Action Programme (2002-
2012). The EU Framework Directive on Sustainable Pesticide Use 
was released in October 2009 to meet this challenge. The key issues of 
the Directive are: (a) the deployment of National Action Plans by 14 

dealing with pesticides, (c) adoption of IPM systems and methods by 

(SSWM) seems in agreement with the objectives of the Directive, i.e. 

maintaining an adequate level of crop protection. At the moment, the 
main limitations of SSWM are the unsatisfactory precision of weed 

trained farmers or technicians. Some technological innovations, e.g. 
in remote sensing equipment, show promising perspectives to improve 

should reduce machinery and application costs. Training of professionals 
on SSWM concepts and tools is possible and desirable. These are already 
well in line with three out of eight IPM principles set forth in the Directive, 
whereas additional four principles could be embraced should monitoring 
and application technologies for SSWM improve. Overall, SSWM 

likely be limited to large cropland and commodities unless considerable 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

reduction in equipment and systems cost and development of more user-
friendly solutions occur. A weak point is that SSWM is not explicitly 
mentioned among the priority themes for training of professionals, as to 
Annex I of the Directive.

INTRODUCTION
Pesticide use reduction has long been an objective of agricultural 
and environmental policies in several EU Member States. The Sixth 
Environment Action Programme (2002-2012) indicated the sustainable 
use of pesticides as one of the seven Thematic Strategies to be addressed. 
To meet this challenge, in October 2009 the European Commission 
released a Framework Directive on Sustainable Pesticide Use (Directive 
2009/128/EC) – hereafter referred to as ‘the Directive’, as part of the so-
called ‘Pesticide Package’, which also includes (a) Regulation (EC) No. 
1107/2009 on the Placing of Plant Protection Products on the Market; 
(b) Regulation (EC) No. 1185/2009 on Statistics on Pesticides and (c) 
Directive 2009/127/EC on Machinery for Pesticide Application. The full 
set of these legislative documents can be accessed at:
http://www.endure-network.eu/index.php/endure/about_ipm/european_
commission_documents.

(SSWM) has the purpose of reducing herbicide use through optimisation 

aerial weed scouting. This results in spatially selective spraying (i.e. only 
where needed) by means of innovative equipment or robots. SSWM 
strategies and tools can also be applied to non-chemical – mechanical or 
thermal – weed control. As such, SSWM seems well in line to meet the 
challenges brought about by the Directive, which can be synthesised in 

of pesticides while maintaining an adequate level of crop protection.
After having illustrated the main objectives of the Directive and the 
related actions, this paper will highlight the opportunities and limitations 
of SSWM in meeting the Directive objectives in the light of the presently 

Integrated Pest Management (IPM) adoption pointed out by the Directive 
can be taken up by SSWM. 

THE EU FRAMEWORK DIRECTIVE ON SUSTAINABLE 
PESTICIDE USE

gap regarding the use phase of pesticides. The key issues of the 
Directive are summarised in Table 1. Among them, three are particularly 
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noteworthy. First, all EU Member States must design a National Action 
Plan by 14 December 2012, indicating how they intend to reach the 
various objectives set forth by the Directive. Second, all professional 

pesticides. Third, all Member States must ensure that all famers use IPM 
principles and techniques from 1 January 2014.
 
Table 1. Key issues of the Directive and their goals.
Issue Where 

(in the 
Directive)

Goals

National Action Plan Art. 4 - To indicate quantitative objectives, targets, measures 
and timetables to reduce risks and impacts of 
pesticide use on human health and the environment.
- To encourage the development and introduction of 
IPM and of alternative approaches or techniques to 
reduce dependency on pesticide use. 
- To develop indicators to
monitor the use of plant protection products with 
active substances of particular concern.

Training, sales 
of pesticides, 
information and 
awareness-raising

Art. 5, 6 & 7 - All professional users,
distributors and advisors must have access to 
appropriate training by bodies designated by the 
competent authorities. 
- Distributors must hold a specific certificate to be 
allowed to sell pesticides. 
- Member States are responsible for delivering 
information regarding pesticide risks and safe use.

Pesticide application 
equipment

Art. 8 - Equipment must be inspected at regular intervals. 

Specific uses and 
indications

Art. 9, 11 
& 12

- Prohibition of aerial spraying. 
- Protection of aquatic environment and drinking 
water supplies. 
- Reduction or prohibition of pesticide use in specific 
areas (e.g. playgrounds, protected areas).

Risk indicators Art. 15 - Establishment of harmonised risk indicators.
- Identification of priority issues and best practices.

Training subjects Annex I - Prioritise subjects for training of all professional 
users

Health, safety and 
environmental 
requirements related 
to the inspection of 
pesticide application 
equipment

Annex II - Identify machinery parts needing particular attention 
during inspections.

General principles 
of IPM

Annex III - Provide indications to Member States on how to 
implement IPM

THE EU FRAMEWORK DIRECTIVE ON SUSTAINABLE PESTICIDE USE: PROSPECTS
FOR SITE-SPECIFIC WEED MANAGEMENT
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

SITE-SPECIFIC WEED MANAGEMENT: OPPORTUNITIES 
AND LIMITATIONS

researchers, practitioners and companies since the mid 1990s. Since 
then, concepts and technologies for SSWM have largely improved, but 
large-scale application is yet to come, despite a clear potential to reduce 
herbicide use and thus meet the Directive objectives.
SSWM is a four-step procedure including: (a) weed monitoring and 

evaluation of results (López-Granados, 2011). Weed monitoring and 
mapping can be done by remote or proximal sensing, with various 
options depending on the objective and resources available (Table 2). 
At the moment, the main limitations of weed monitoring and mapping 
tools are: (a) their ability to identify weeds at species level, which would 
be required for optimised spraying, especially at an early crop stage; (b) 
their high cost; (c) the lack of adequately trained farmers/technicians. 

et al
advancement, e.g. in sensors and robots, should reduce machinery and 
consequently application costs in the foreseeable future. Lastly, the 

on SSWM concepts and tools to end users.

weed management.
Tool category Examples
Remote sensing Airborne, satellite and unmanned platforms.

Proximal sensing In-fi eld machine-mounted sensors (on 
combines, tractors or robots).

Real-time monitoring Simultaneous weed detection and control (e.g. 
spraying).

DOES SITE-SPECIFIC WEED MANAGEMENT COMPLY WITH 
THE AIMS OF THE DIRECTIVE? 
The best way to address this question is to refer to Annex III of the Directive, 
which includes the eight principles of IPM that EU Member States are 
asked to put in place in all cropping systems from 1 January 2014. The 

line with three out of eight IPM principles and could match four of the 
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for SSWM be available in the future (Table 3). The only principle that is 
not met is No. 1 (prevention of harmful organisms), since to date SSWM 
addresses only direct (in crop) weed control.

principles of IPM, as to Annex III of the Directive.
Principle 
No.

Content Examples Relevance of SSWM

Yes Possible No

1 Prevention 
of harmful 
organisms

Crop rotation, stale seedbed 
technique, balanced 
fertilisation

X

2 Monitoring 
of harmful 
organisms

X

3 Application 
of control 
thresholds

X

4 Preference to  
non-chemical 
methods

Biological, mechanical and 
thermal methods

X

5 Use of selective 
pesticides

Use of pesticides with least 
side effects on human 
health, non-target organisms 
and the environment

X

6 Reduction of 
pesticide doses

Reduced application 
frequencies, partial 
applications

X

7 Application of 
anti-resistance 
strategies

Use of multiple pesticides 
with different mode of 
actions

X

8 Check effect 
of applied 
measures

Records on pesticide use 
and monitoring of effect on 
harmful organisms

X

 

systems. However, its use will likely be limited to major cropland where 
commodities are grown, at least until considerable reduction in equipment 

THE EU FRAMEWORK DIRECTIVE ON SUSTAINABLE PESTICIDE USE: PROSPECTS
FOR SITE-SPECIFIC WEED MANAGEMENT
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

and systems cost and development of more user-friendly solutions occur. 
One point of the Directive that would require some lobbying from the 
interested stakeholders is the inclusion of SSWM among the priority 
themes for training of professionals (farmers, technicians, etc.), because 
to date it is not explicitly mentioned in Annex I of the Directive.
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: Agriculture systems require safe, effective and 

efficient weed control operations to ensure the success of crop 

production. Increasing cost of pesticides and fertilizers has 

motivated operators to reduce application rates and 

manufacturers to develop spray equipment designed to improve 

application precision. The objective of this study was to design, 

develop and assess an innovative agricultural implement to be 

eventually integrated within a robotic system. In this work three 

scenarios were studied; low volume application (100 L/ha), 

standard volume application (200 L/ha) and high volume 

application (400 L/ha). The system provides a variable rate 

applications based on weed infestation maps. However, it is 

crucial to know the limitations of the hydraulic system. For the 

standard volume application the distance between the injection 

point and nozzle caused a time delay of 10 s. This result shows a 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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significant improvement compared to the study developed by 

Walker and Bansal 1999 with a time delay greater than 20 s. 

1. Introduction  

Europe and EUR spent 8 billion on agrochemical in 2010 

(ECPA, 2011).  Increasing cost of pesticides and fertilizers 

induces operators to reduce application rates. This has motivated 

manufacturers to develop spray equipment designed to improve 

application precision. In particular, at two international 

workshops
1
, stakeholders highlighted the importance of sensors, 

decision support systems, and site-specific variable rate 

applicators in future crop operations. Agricultural systems 

require safe, effective and efficient weed control operations to 

ensure the success of crop production since pesticides and 

nutrients are required for efficient agricultural and forest crops 

production (e.g. annual crop, forestry, orchards, etc.). Uniform 

broadcast application is commonly employed in crop production 

despite its inefficiencies. Remote (satellite, aerial imagery) and 

proximal sensed data (soil, weed, crop parameter) can be 

georeferenced (Bareth and Doluschitz, 2010) enabling improved 

efficiency since weeds are typically unequally distributed over 

the field (Marshall, 1988; Gerhards and Oebel, 2006).  

Currently, manufactures and innovative farmers have been 

building and retrofitting agricultural sprayers to incorporate 

Automatic Section Control (ASC) technology. This technology 

reduces chemical usage for many agricultural applications. An 

ASC system opens or closes boom sections or nozzle solenoid 

valves as needed. Valves close when a zone that has already 

been sprayed or for no-spray areas within a crop field. In this 

regards, Troesch et al., (2010) reduced over-application of 

pesticides and fertilizers by 1-12% per pass across field, in 

addition to the protection of the environment by not applying 

agricultural chemicals to non-target areas. The application of 

ASC technology in Alabama (USA) growers possibly results in 

15,2-17,5% saving in sprayed zones by way of efficiently 

managing boom sections (Luck et al., 2010).  
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Variable Rate Application (VRA) reduces herbicide application 

in weed-free area within the field and increase fertilizer 

application on the low productivity sites. Both ASC and VRA 

require specialized instrumentation to sense soil, crop and weed 

plant locations. However these locations may be predetermined 

and combined within a map (called “prescription maps”) by 

means of a global positioning coordinates provided by a Global 

Navigation Satellite System receiver, often referred to as GNSS 

receiver.  

The maximum potential of precision agriculture technologies 

can only be reached when the conventional farming increases its 

efficiency using a sufficient amount of data and adequate 

sensors (Mowitz, 2003; Rovira-Más et al., 2010). The objective 

of this study was to design, develop and assess an innovative 

agricultural implement to be eventually integrated within a 

robotic system. This system targets site-specific management of 

weed control using sensors and instrumentation that allow 

Automatic Section Control (ASC), Variable Rate Application 

(VRA), and Direct Injection Sprayer (DIS). 

2. Materials and methods  

2.1  Design of Prototy pe   

Twelve high-speed solenoid valves (Model VC01, NTech 

Industries, Inc. CA, USA) were mounted on a stainless steel 

sprayer boom with an equidistant spacing of 0.5 m. These 

solenoid valves consists of a ” barb brass inlet for incoming 

liquid, a spray nozzle, a nozzle cap, an LED indicator, a 3-pin 

electrical connector (signal, negative and positive), and two 

captive screws. The boom sprayer was divided into twelve 

sections, each containing one-solenoid valve. Each one of these 

valves was powered by a 12 V source that allows the spray from 

each section to be controlled independently. A LED indicator is 

lit when the solenoid is open. 

particles within the moving material will flow at different 

magnitudes along the length of the tube. The volume of moving 

medium passing a given plane in a time interval t is given by 

 

(1) 

 

 

where v is the velocity of moving medium which is integrated 

over area A , and x is the linear displacement of volume V. It is 

often convenient to define an average velocity 

 

(2) 

 

Fig. 2. Diagram of 12 solenoid valve/nozzles times 

 

The solenoid valve/nozzles response time is the time from the 

start of the control pulse to the nozzle LED indicator’s photon 

emission; this means the spray appears at the nozzle orifice 

(Miller & Watt, 1980). This time was theoretically calculated by 

using the flow speed (m/s) in each of the sections within the 

prototype spray system (Figure 2). Traditionally spraying has 

been done at 200 L/ha, but when used with broad-spectrum 

contact herbicides or high levels of penetration are required, a 

higher volume is recommended (between 400 L/ha and 1000 

L/ha). In this work three scenarios were studied; low volume 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Fig. 1. Prototype weed control system built for initial tests 

 

A commercial central direct injection system (Model Sidekick 

Pro, Raven Industries Inc., Sioux Falls, SD, USA) was equipped 

with a water tank (200 L) and a separate container for the 

herbicide (15 L) to be injected according to the prescription 

information from the High Level Decision System (HLDS). An 

intermediate connexion box between the sprayer and HLDS was 

created and installed to accommodate the signal sensors, hosting 

the injection system controller and the automation (PLC) device.  

2.2 Laboratory  Ev aluation 

Using a DIS in an agricultural sprayer is essential to enable the 

desired distribution of the agrochemicals between the injection 

point and nozzles as quickly as possible. A static mixer, the 4 

cm diameter RAVEN mixer (Raven Industries, South Dakota, 

USA) was mounted downstream of herbicide injection point. 

These types of mixers have fixed mixing elements inside their 

pipe. A theoretical study of agrochemical particle path from 

injection into water flow to nozzle was conducted to determine 

the mechanical behaviour of the herbicide. 

The liquid enters a pipe at one end, having cross section A1 and 

exit at the other end through cross section A2. The velocity of 
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particles within the moving material will flow at different 

magnitudes along the length of the tube. The volume of moving 

medium passing a given plane in a time interval t is given by 
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where v is the velocity of moving medium which is integrated 

over area A , and x is the linear displacement of volume V. It is 

often convenient to define an average velocity 
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The solenoid valve/nozzles response time is the time from the 

start of the control pulse to the nozzle LED indicator’s photon 

emission; this means the spray appears at the nozzle orifice 

(Miller & Watt, 1980). This time was theoretically calculated by 

using the flow speed (m/s) in each of the sections within the 

prototype spray system (Figure 2). Traditionally spraying has 

been done at 200 L/ha, but when used with broad-spectrum 

contact herbicides or high levels of penetration are required, a 

higher volume is recommended (between 400 L/ha and 1000 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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application (100 L/ha), standard volume application (200 L/ha) 

and high volume application (400 L/ha). Field capacity, which 

refers to the area of land that a machine can accomplish per hour 

of time, can be expressed on a material or area basis.  

3. Results and conclusions   

An automatic sprayer, which controlled the HLDS through a 

GPS prescription map to determine its geospatial position and 

control the spray valves in the field, was successfully developed. 

Once all the components were assembled on the implement, the 

sprayer was tested in the workshop by simulating situations that 

would occur in field conditions. This system included 

mechanical (stability of the boom, hose length, etc.) and 

electrical (cables, voltage levels, power, communication 

equipment, etc.) subsystems. The reduction of DIS response 

time and increase of uniform processing requires knowledge of 

the system’s functional parameters.  

This provides a variable rate applications based on weed 

infestation maps.  However, it is crucial to know the limitations 

of the hydraulic system. Therefore, the travel times from the 

injection point to the nozzles must be known. The data in Table 

1 shows the times consumed for the flow in each scenario. For 

the standard volume application the distance between the 

injection point and nozzle caused a time delay of 10 s. This 

result shows a significant improvement compared to the study 

developed by Walker and Bansal 1999 with a time delay greater 

than 20 s. 

Table 1. Theoretical travel time of water/herbicide flow in the 

sprayer system 

 

First RHEA International Conference on Robotics and associated 

High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

application (100 L/ha), standard volume application (200 L/ha) 

and high volume application (400 L/ha). Field capacity, which 

refers to the area of land that a machine can accomplish per hour 

of time, can be expressed on a material or area basis.  

3. Results and conclusions   

An automatic sprayer, which controlled the HLDS through a 

GPS prescription map to determine its geospatial position and 

control the spray valves in the field, was successfully developed. 

Once all the components were assembled on the implement, the 

sprayer was tested in the workshop by simulating situations that 

would occur in field conditions. This system included 

mechanical (stability of the boom, hose length, etc.) and 

electrical (cables, voltage levels, power, communication 

equipment, etc.) subsystems. The reduction of DIS response 

time and increase of uniform processing requires knowledge of 

the system’s functional parameters.  

This provides a variable rate applications based on weed 

infestation maps.  However, it is crucial to know the limitations 

of the hydraulic system. Therefore, the travel times from the 

injection point to the nozzles must be known. The data in Table 

1 shows the times consumed for the flow in each scenario. For 

the standard volume application the distance between the 

injection point and nozzle caused a time delay of 10 s. This 

result shows a significant improvement compared to the study 

developed by Walker and Bansal 1999 with a time delay greater 

than 20 s. 

Table 1. Theoretical travel time of water/herbicide flow in the 

sprayer system 



29

Lead-time to inject the herbicide before the spray according to 

the weed map were programmed into the controller (HLDS).  

This direct herbicide injection system kept the chemical and the 

water separate before actual spraying and thus the machine is 

easier to clean. One can also vary product rate application 

according to requirements. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 

31



32

 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
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rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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merits treatment, i.e. where to draw the boundaries of the 
patches. To some extent this depends on the information 
collected by the detector (e.g. weed green area, weed seedling 
numbers, weed inflorescence numbers).  Ideally, as proposed by 
Gerhards & Christensen (2003) and Gerhards et al. (2012), some 
form of competition model needs to be used to decide on a 
‘threshold’ for each species.  Previous research has tried to 
identify weed thresholds but practical use has been very limited. 
Recent research reported by Berge et al. (2012) used relative 
weed cover as a basis for creating a spray decision threshold.  It 
needs to be emphasised that any lack of confidence in thresholds 
is less critical in a patch treatment scenario, as the key 
infestations close to the thresholds where decisions could be 
wrong only affect a limited number of pixels and not the whole 
field.  However, the fundamental issue remains – how to decide 
what to include/exclude from patch areas.  Two other issues 
relate to this decision: use of buffers and the treatment strategy.  

2.1  Buffers 
It can be argued that buffers should be established around weed 
patches to allow for minor variations in geo-location and to 
accommodate any variability in the speed of response of the 
sprayer.  But buffers can also be used to mitigate any 
uncertainty in the extent of the patch and to add re-assurance to 
the user that weeds are not being ‘missed’.  This may seem an 
appropriate tool to use but large buffers can cause a major 
increase in the treated area.  This is exemplified in Fig. 1 where 
two fields with the same weed infestation but with differing 
distributions are given 6m buffers.  The presence of buffers in 
Field 2 triples the proportion of the field treated compared to 
Field 1.  So although addition of buffers can be helpful it 
reduces the financial benefits of patch treatment. 

2.2  Treatment strategy 
There are two fundamental approaches to herbicide treatment of 
patches: on/off or variable rates (high doses on patches, low 
doses on non-patch areas).  In the former the economic benefit is 
maximized but the risk of weed escapes is greater.  In the latter, 
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the amount of herbicide used is greater and so the financial 
benefit is lower but the user has re-assurance that any weeds 
outside the patch areas will be at least suppressed.  This 
approach needs fundamental information on the dose response 
of the target weed(s) to the chosen herbicide(s).  Such 
information is not widely available, although advice systems 
such as the Danish Crop Protection OnLine do provide dose 
response data (CPO, 2012).  This lack of dose response data is a 
critical limitation to the development of variable rate treatments.  
An alternative to changing doses is the use of different products 
and/or mixtures on the patch and non-patch areas, but this too 
has drawbacks. 

 

 
 
 
 
 
 
 
 
     Field 1 (256 (6x6m) cells) Field 2  

         Field 1  Field 2 
No. of pixels treated without buffers   22 (8%) 22 (8%) 
No. of pixels treated with buffers   48 (19%) 147 (57%) 

Fig.1.  Two schematic weed infestations (in green) and the 
impact of buffers (in red) on % of field requiring treatment: 

Field 1: a focused infestation: Field 2: a fragmented infestation 

3. Patch characteristics and herbicide application 
Figure 1 illustrates one of the key features of weed patch 
biology and of its consequences for treatment.  Weeds can occur 
in a few big patches or in many small clusters.  An optimal 
treatment system would divide the field up into many small 
units (pixels) and allocate treatments appropriately to each pixel.  
On a mathematical basis the smaller the pixel the better, as with 
small pixels the infested area that is treated is minimised.  
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Wallinga (1995) showed that for a given patchy infestation there 
is a log linear relationship between pixel size and perceived 
infested area.  This can be illustrated in Fig 1 if the ‘fields’ are 
divided into different sized units according to the ability of the 
sprayer to respond to the treatment map.  If a 24m sprayer 
without any boom section controls is compared to one with 4 x 
6m sections, then the number of pixels requiring treatment 
declines from 52 to 22 in Field 1 and 72 to 22 in Field 2.  Thus, 
a more highly engineered sprayer (with more costly controls) 
will provide the potential to lower the amount of herbicide used.   
Wallinga et al. (1998) also showed that increasing resolution 
from 4m to 2m lowered the amount of herbicide used to control 
Galium aparine by 26%.   Of the field equipment tested, the 
Cerberus sprayer has 3m wide pixels (Gerhards & Oebel, 2006) 
and the prototype Norwegian sprayer has 3x3m pixels (Berge et 
al., 2012).  The basic message is ‘the smaller the pixel the 
better’, but this has to be balanced by the extra engineering 
costs.  An estimate from a UK sprayer manufacturer was that 
boom section control combined with DGPS management would 
add £8000 ( 9600) to the cost of c. £70,000 ( 84,000) sprayer.   

4. Questions around field scanning to detect weeds - what 
percentage of the field should be surveyed? 

In the initial developments of spatially variable weed control, 
weed maps were created manually by human surveyors 
surveying the whole field.  This is time consuming and 
expensive and was not attractive to potential users.  Camera 
systems are now being developed that can automate weed 
detection.   However, there is a drawback to many of the 
automated detection systems, as they do not scan the whole field 
and only collect discrete sets of information derived from strips 
or spots within the field and then use some form of 
mathematical analyses to interpolate the missing information.  
This leads to a key question – how reliable is the interpolation?  
This will depend on the percentage of the area actually scanned 
and the nature of the weed patches.  Gerhards & Oebel (2006) 
reported that c. 3000 images ha-1 0.02m2 were collected in their 
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Galium aparine by 26%.   Of the field equipment tested, the 
Cerberus sprayer has 3m wide pixels (Gerhards & Oebel, 2006) 
and the prototype Norwegian sprayer has 3x3m pixels (Berge et 
al., 2012).  The basic message is ‘the smaller the pixel the 
better’, but this has to be balanced by the extra engineering 
costs.  An estimate from a UK sprayer manufacturer was that 
boom section control combined with DGPS management would 
add £8000 ( 9600) to the cost of c. £70,000 ( 84,000) sprayer.   

4. Questions around field scanning to detect weeds - what 
percentage of the field should be surveyed? 

In the initial developments of spatially variable weed control, 
weed maps were created manually by human surveyors 
surveying the whole field.  This is time consuming and 
expensive and was not attractive to potential users.  Camera 
systems are now being developed that can automate weed 
detection.   However, there is a drawback to many of the 
automated detection systems, as they do not scan the whole field 
and only collect discrete sets of information derived from strips 
or spots within the field and then use some form of 
mathematical analyses to interpolate the missing information.  
This leads to a key question – how reliable is the interpolation?  
This will depend on the percentage of the area actually scanned 
and the nature of the weed patches.  Gerhards & Oebel (2006) 
reported that c. 3000 images ha-1 0.02m2 were collected in their 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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patch mapping/treatment project.  This means the cameras were 
actually monitoring less than 1% of the land area.  In my view 
there remains a question to be answered as to how much of the 
field needs to be surveyed to create a map that adequately 
reflects the true distribution.  Is it necessary to scan the whole 
field?  Multiple cameras and associated computers would 
increase costs, impacting on the financial attractiveness of 
adoption of patch spraying.  

5. Conclusions 
This paper has highlighted some of the complexities that have to 
be addressed before weed distribution maps can be turned into 
useful spray treatments.  Solutions to some of the issues raised 
are progressing well, but others remain to be fully resolved, 
before widespread adoption of patch spraying can be achieved.  
A detailed economic analysis to compare the reductions in 
herbicide costs achievable by different approaches, using real 
field infestations, and real costs of engineering controls required 
to achieve the desired spatial control, is needed.    
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: To preserve environment for a sustainable agriculture, 
we explore the development of a new autonomous robot, called 
I-Weed Robot (Intelligent Weed Robot), which aims at reducing 
herbicides in crop fields (maize, sunflower…). Using a high 
precision positioning signal (RTK) to locate the robot in the 
field, a Kaman filter and a proportional-integral-derivative 
controller (PID controller) allow adjusting the orientation of the 
robot depending on a predefined trajectory. As for the spraying 
system, a camera in front of the mobile platform detects weed 
plants thanks to an image processing based on a crop/weed 
discrimination algorithm (Hough Transform). At the back a 
spray boom triggers the right nozzle at the right time depending 
on the location of weeds. This article assesses the performance 
of the guidance and weed detection algorithms using numerical 
simulations (virtual trajectory, virtual field image). The 
robustness of the guidance algorithm is tested for different noisy 
signals (GPS, DGPS and RTK). The accuracy of the crop/weed 
discrimination algorithm is evaluated using a large data base of 
synthetic images generated by the ‘SimAField’ software. To 
evaluate the accuracy of the algorithm and understand the 

 summarized in 
a confusion matrix which indicates the number of correctly and 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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asses). 
Results indicate accuracy up to 90%. A significant number of 

crop 
detection is overestimated. The reason is that the 

nerated 
mulations 

ver, further 
research in field conditions is necessary to confirm the 
promising results. 

1. Introduction 
ely Juno, 

ially in 
mplify the 

 present the 
challenge is to move these mobile platforms from confined 

e-specific 

designed the Voyager robotic fencer for 

uce 
herbicide inputs. They are based on optical sensors and involve 

pray boom 
 they are 

embedded on tractors or sprayers. The objective of the present 
 dedicated 

to a localized herbicide spray. The robot is accurately guided in 
detection 

is performed by image processing using a machine vision 
system. 
2. Materials and methods  

 a homemade robot platform based on a 
small electric quad is carried out for this study. The dimensions 

charge of the 
ers. The 



43

3 

robot is dedicated to periodic crops such as maize, sunflower, 
sugar beet… 
Guidance and navigation: the ARDUINO environment (an open-
source electronic prototyping platform allowing creating 
interactive electronic objects) is implemented in a laptop: 
- to control the speed and the power of the electric motor of the 
quad  
- to recover the NMEA GPS frame information. A GPS receiver 
(Trimble AgGPS262) declares +/- 2cm accuracy with 3 
possibilities of the signal rates (1Hz, 5Hz or 10hz). The RTK 
signal, a corrected GPS signal, is delivered by S@t-info 
company. 
- to transform WGS84 (3D) coordinates into local coordinates 
(2D) 
A recursive Kalman filter (Kalman, 1960) is implemented to 
optimize the noisy GPS signal. The Kalman equations are 
classical, they can be found for instance in (Boizot and Busvelle, 
2007) with some other exemples of real-time implementation A 
predefined trajectory is first stored in a SD-card, then a robust 
and fast control law guides the robot between the rows till the 
end of the row (Ortiz and Olivares, 2006; Cariou et al., 2009; 
Lenain, 2010). Thus, a proportional–integral-derivative 
controller (PID controller) adjusts the orientation of the robot 
according to its real position and the knowledge of the 
predefined path. We choose a PID controller just because it is 
sufficient for our purpose, which consists basically in following 
a linear trajectory at constant speed. But since we want a very 
good precision, we used an accurate estimation of actual 
position, given by a Kalman observer. These algorithms 
consequently allow predicting the best position of the robot as a 
compromise between the predefined and actual positions. Then 
the direction of the robot is automatically determined by 
positioning an actuator controlled by the ARDUINO (steering 
cylinder) depending of the predicted position. 

Machine vision and sprayer: a camera, with a yaw-angle of 45°, 
is fixed in front of the robot. Considering that the crop inter-row 
is 75 cm, this distance is the minimum length detected by the 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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camera. According the intrinsic parameters of the vision system 
and applying the pinhole model (Faugeras, 1993) we determine 
the height (H) of the camera and the field of view of the optical 
system. 
The camera is connected to a laptop and a crop/weed 
discrimination algorithm is used to detect the weed patches in 
real time. We use two optimized libraries: the Microsoft Visual 
C++ software with the OpenCV (Open Source Computer 
Vision) library for the image processing, and the Intel Integrated 
Performance Primitive (Intel IPP) library of functions for 
multimedia and data processing applications. Then the 
ARDUINO sends information to the two actuators (Electro-
Pneumatic Valves) to control the opening of two nozzles fixed 
on the spray boom (80 cm length) placed at the back of the 
robot. 
 
Image processing for weed detection: the image is first 
converted to a binary image by applying Otsu’s thresholding 
method. Then the crop/weed discrimination is based on the 
detection of the crop line using a Hough Transform (Jones et al., 
2009a,b). Theoretically, according the knowledge of initial 
parameters (type of crop, inter-row width...) and the extrinsic 
(height and angle) and intrinsic parameters (focal length, width 
and length of the CCD…) of the camera, it is possible to 
determine the number of crop rows and to define a mask of the 
crop rows in the image. By applying a logical function between 
the initial image and the mask, we can deduce an inter-row weed 
infestation map (Bossu et al., 2008). 
Verification and validation tests: before we realize field 
experiments, different validation procedures are implemented 
using simulated data (in first approximation) in order to check 
the efficiency of the two algorithms (guidance and crop/weed 
discrimination). Because few real images with inter-row weeds 
were available, we have tested the crop/weed discrimination 
algorithm on a large synthetic data base containing 2000 
simulated images generated by the Sim-A-Field1 open source 
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program developed by Jones et al. (2010). The accuracy of the 
image processing to detect the inter-row weeds can be estimated 
on these images where the initial Weed Infestation Rate (WIR) 
is perfectly controlled. Two WIR are tested: 10% and 30%. To 
understand these errors and to evaluate the accuracy of the 

 a confusion 
matrix which indicates the number of correctly and incorrectly 

3. Results and conclusions  
In order to test the limits of the navigation algorithm (Kalman 
filter + PID controller), three signals (GPS, DGPS and RTK) 
with different noise levels are simulated depending on the 
guidance parameters of the mobile platform (speed of 5 km/h, 

ck on either 
side, turning circle 3 m in diameter). As presented in Figure 1, 
the results of the simulations demonstrate the accuracy of the 
guidance system to follow a predicted trajectory whatever the 
noise on the positioning signal (3 m, 50 cm or 2 cm). Moreover, 
the successful operation of the robot in crop fields can be 
obtained reducing the speed of the I-Weed robot during the U-
turn at the end of the row. 

    
 

Fig 1a: Predefined 
and stored 
trajectory 

Fig 1b: Predicted 
trajectory (black 
color) using GPS 
signal (blue color, 
error ~3m) 

Fig 1c: Predicted 
trajectory (black 
color) using DGPS- 
signal (blue color, 
error ~50cm) 

Fig 1d: Predicted 
trajectory (black 
color) using RTK- 
signal (blue color, 
error ~2cm) 

Concerning the comparison between the initial WIRinter-row and 
the detected WIRinter-row

eed 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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discrimination algorithm based on the Hough transform gives 
accurate and robust results, up to 90% with a high computation 
time. One can note that there is a significant number of weed 
pixels that are always considered as crop pixels which implies 
that weed detection is underestimation. This is due to the over-
estimation of the bandwidth value of the automatically 
generated mask. In conclusion, whatever the true WIR (10% or 
30%), this algorithm seems to be also reliable in the presence of 
high weed infestation. These simulated experiments demonstrate 
the robustness of both algorithms, navigation and localized 
spray in crop fields. However, further research in field 
conditions is necessary to confirm the promising results. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract Soil disinfection has been widely used for pest control 
in horticulture for the last few decades. Many active ingredients 
have been banned and researchers are now evaluating different 
alternative techniques as soil steaming. 
The application of precision farming technologies can improve 
the efficiency of soil steaming, making the treatment “more 
targeted” to specific purposes, in example weed seedbank 
control. 
Band steaming is a specific application of precision soil 
steaming which allows to reduce the intra-row weed seed-bank 
and lower labour-intense hand weeding treatments in organic 
farming. 
A drawn machine has been built by the University of Pisa and 
has been testing in different sown vegetable crops in different 
Italian agricultural contexts. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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1. Introduction  

Soil disinfection was widely used for pest control in horticulture 
for decades. Recently, because of the increasing public concern 
about agrochemicals, many active ingredients for soil chemical 
fumigation have been banned by the European Union 
(Regulation EC No 1107/2009). 

This action led the industry, the farmers and the researchers to a 
renew interest in soil steaming, as a residues-free technique for 
soil disinfection (Gay et al., 2001a and 2010b). Thus, new 
machines were developed by Research Institutions and private 
firm involved in agricultural machinery. 

With this aim, innovative machines were developed by the 
University of Pisa in cooperation with Celli firm of Forlì (Italy). 
These machines provide “activated” steam (steam plus 
exothermic compounds, like CaO) instead of pure steam, 
according to a specific patent of the Italian firm. This system is 
called “Bioflash system”. Researches, carried out within 
multidisciplinary collaborative projects in Italy, showed a 
significant effect of this system not only on nematodes and 
pathogens but also on weed seeds (Bàrberi et al., 2009; Peruzzi 
et al., 2011; Peruzzi et al., 2012). 

Moreover, the application of precision farming technologies can 
improve the efficiency of soil steaming, making the treatment 
“more targeted” to specific purposes, in example weed seedbank 
control. 

Weed competition is a major problem in organic agriculture, 
because the use of herbicides is prohibited. Vegetable crops are 
generally the most sensitive from this point of view, especially 
the sown ones, because they often need plenty of time for 
emergence. This often implies a large effort for hand weeding in 
the rows, which are very difficult to be treated physically in a 
selective way (Bàrberi, 2002, Van der Weide et al., 2008). 
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In this concern band steaming could be a promising “precision” 
application for preventive weed seeds control within the rows, 
for high-value organic/integrated crops (like vegetable crops). 

 

2. MATERIALS AND METHODS 

The machines for soil steaming developed by the University of 
Pisa, in cooperation with Celli firm, provide “activated” steam, 
which means steam plus exothermic compounds – i.e. CaO – 
instead of pure steam (Bioflash system®). Researches, carried 
out within multidisciplinary collaborative projects in Italy, 
showed a significant effect of this system not only on nematodes 
and pathogens but also on weed seeds. 
The effect of the bioflash system on weed seedbank was 
exploited to develop a new machine for “band-steaming”. In this 
case, steaming is performed just in strips (bands), where the 
crop will be successively “precisely” sown. Each strip 
corresponds to one crop row. 

The machine is drawn and equipped with a water tank, a hopper 
containing the exothermic compound and an industrial steam 
generator providing an outflow of about 1300 kg h-1. The steam 
generator unit is connected to PTO-driven small rotary hoes  
0.18 m wide placed on three foldable sections at a distance of 
about 0.35 m. Each section of the frame performs band steaming 
on four strips on three raised bed. Thus, the total working width 
of the machine may vary from 4.8 up to 5.3 m, according to the 
width of the tires of the tractor (0.20 – 0.40 m). Each unit is 
equipped with a carter which bears the steaming bar. The steam 
injection is superficial in order to kill the weed seeds till a depth 
of 5-7 cm (Fig.1). 

A new prototype to perform precision treatments of activated steaming to kill weed sed before 
sowing of organic vegetable
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Fig. 1. Operative machine for band-steaming at work 
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3. Results/Conclusions  

The first prototype of the machine has been already built. 
Specific on farm trials on carrot started at the end of 2011 in 
organic farms, spread throughout the Italian territory, and are 
still in progress. 

As future perspective, this machine, once tested and 
optimized, could be implemented with innovative tools for 
precision agriculture, in order to allow a correct overlapping 
between the treated bands and the crop rows (Fig.2). 

 

 
 

Fig. 2. Effects of steaming in crop row. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract Flame weeding is actually a well known and used 
physical treatment according to the increase in concerns about 
the effects of herbicides on human health and the environment 
and in the light of the new European laws. Flaming historically, 
was used at first as a pre-emergence treatment, both prior to 
planting and before crop emergence. Alternatively, flaming can 
be used also selectively after crop emergence or planting in 
tolerant species. Although inter-row weeds can be effectively 
controlled through mechanical cultivation, weeds that grow in 
the row are more difficult to control as, in some cases, 
cultivation is both ineffective and causes unacceptable levels of 
crop damage. This work aims to describe the specific machine 
for mechanical-thermal weed control which is being realized by 
the University of Pisa within the RHEA project. This machine is 
able to perform mechanical and thermal treatments at the same 
time in order to remove weeds mechanically from the inter-row 
space and perform in-row selective and precision flaming. The 
project is still on-going and the machine has not been fully 
realized and tested yet, thus no data is available at the moment. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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1. Introduction  

Flame weeding is actually a well known and used physical 
treatment according to the increase in concerns about the effects 
of herbicides on human health and the environment. Controlling 
weeds without the use of chemical herbicides can be 
problematic, and was cited as a crucial aspect involved in the 
transition from conventional to organic crop production (Walz, 
1999). The aim of flaming is heating tissues of weeds rather 
than completely burning them (Leroux et al., 2001; Ulloa et al., 
2011). The heat from the flame causes rupturing of the cell 
walls,  which leads to water loss and plant death (Parish, 1990). 
An exposure time between 0,065 - 0,130 second at a 
temperature level of 800 - 900 °C in some cases could be 
sufficient to devitalize a weed (Thomas , 1964; Kang 2001). A 
large number of studies investigated the responsiveness of 
weeds to flaming. This factor seem to be related to the 
morphological characteristic of the plants, their development 
stage and to the amount of LPG (used to feed the burner) per 
unit surface (Ascard, 1995; Sivesind et al., 2009; Ulloa et al., 
2010). Flaming historically, was used at first as a pre-emergence 
treatment, both prior to planting and before crop emergence. 
Alternatively, flaming can be used also selectively after crop 
emergence or planting in tolerant species (Sivesind et al., 2012). 
Although inter-row weeds can be effectively controlled through 
mechanical cultivation, weeds that grow in the row are more 
difficult to control as, in some cases, cultivation is both 
ineffective and causes unacceptable levels of crop damage 
(Melander and Rasmussen, 2001). 

Moreover, the new European directives are firmly encouraging a 
sustainable use of pesticides as “the implementation of the 
principles of integrated pest management is obligatory… with 
priority given wherever possible to non-chemical methods of 
plant protection and pest and crop management (Directive 
2009/128/EC)”. 
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This work aims to describe the specific machine for mechanical-
thermal weed control which is being realized by the University 
of Pisa within the RHEA project. This machine is being 
designed in order to carry out physical treatments in maize and 
garlic, which are heat tolerant crops. 

2. MATERIALS AND METHODS 

The European Project RHEA (Robot fleets for Highly Effective 
Agriculture and forestry management) aims to create a fleet of 
autonomous aerial and ground mobile units for general crop 
protection including the application of physical weed control in 
maize and garlic. 
This machine is able to perform mechanical and thermal 
treatments at the same time in order to remove weeds 
mechanically from the inter-row space and perform in-row 
selective and precision flaming. The precision of the treatment 
will be enhanced by a guidance system associated with a row 
and a weed detection system. Mechanical treatments will be 
always realized, ever without weed presence, as hoeing is very 
important from an agronomical point of view. On the contrary, 
flaming will be provided only if weeds have been detected in the 
row. Thermal treatment will be performed by means of a pair of 
burners per row. The pressure of the LPG, will be adjusted 
according to the weed cover: 0 Mpa if weed cover is equal to 0, 
0.3 MPa and 0.4 MPa, according to a threshold of 25% of weed 
cover (Peruzzi et al., 2012). 
The working width of the machine for mechanical and thermal 
treatments is 3 m. This covers four rows and three entire inter-
row spaces of 0.75 m each and 2 half inter-row spaces of 0.375 
m each. Each of the four units tills the soil between the rows 
using one goose-foot rigid central tine and two “L” shaped 
adjustable rigid side sweeps at a very shallow depth (0.03-0.05 
m). Two burners per element are placed in order to hit one side 
of each crop row. The flame just hits the weeds growing in the 
“in-row” space and the lower, heat-tolerant part of the crop 
plants (Peruzzi et al., 2012). 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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a) 

 

b) 

 

Fig. 1. Schemes of the machine for mechanical thermal weed 
control: side (a) and top (b) view. 
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3. Results/Conclusions  
 

This very innovative application of PWC in maize represents a 
good opportunity for farmers in terms of reducing the use of 
herbicides and ensuring that their crops are of a higher quality.  
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Fig. 2. Pictures of the very first prototype of the machine for 
precision weed control. 

The project is still on-going and the machine has not been 
completed and tested yet, thus no data is available at the 
moment. However, a first integration of the operative machine 
with the RHEA GMU was performed in 2012 (Fig.2). 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Fig. 2. Pictures of the very first prototype of the machine for 
precision weed control. 

The project is still on-going and the machine has not been 
completed and tested yet, thus no data is available at the 
moment. However, a first integration of the operative machine 
with the RHEA GMU was performed in 2012 (Fig.2). 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 

61

   

 

F irst R H E A International Conference on 
Robotics and associated H igh-technologies 

and Equipment for Agriculture  
Hosted by the University of Pisa  

Pisa, Italy, September 19-20-21, 2012

T OPI C n° 1.2 

E ffect of flaming and cultivation on weed control and yield 
in maize and soybean 

Avishek Datta1, Strahinja Stepanovic1, B rian Neilson2, Chris 
B ruening2, George Gogos2, Stevan K nezevic1 

1Haskell Agricultural Laboratory, University of Nebraska-Lincoln, Concord, NE 
68728, USA (e-mail: sknezevic2@unl.edu) 

2Mechanical Engineering Department, University of Nebraska-Lincoln, Lincoln, NE 
68588, USA (ggogos1@unl.edu) 

K eywords: crop tolerance, organic crop production, non-
chemical weed control, physical weed management 

Abstract: Propane flaming in combination with cultivation 
could be a potential alternative tool for weed control in maize 
and soybean production. Field studies were conducted at the 
University of Nebraska, USA in 2010 and 2011 to determine the 
level of weed control and crop response to flaming and 
cultivation utilizing flaming equipment developed at the 
University of Nebraska. The treatments included: weed-free 
control, weedy season-long and different combinations of 
banded flaming (intra-row), broadcast flaming and mechanical 
cultivation (inter-row) applied at the V4 (4-leaf) and/or V6 (6-
leaf) growth stages of maize, and at the VC (unfolded 
cotyledon) and/or V4 (fourth trifoliate) growth stages of 
soybean. Propane rates were 20 and 45 kg ha 1 for the banded 
and broadcast flaming treatments, respectively. The operating 
speed for all treatments was 5 km h 1. Weed control was 
evaluated visually at 28 days after treatment (DAT), and effects 
on grain yield. In maize, the combination treatment of 
mechanical cultivation and banded flaming applied at the V4 
and V6 stages provided > 90% weed control and 10.9 t ha 1 
yield, which was similar to the weed-free control (11.3 t ha 1). 
In soybean, the highest yields were obtained in the weed-free 
control (3.1 t ha 1) and the plots flamed plus cultivated twice at 
the VC and V4 stages (2.8 t ha 1). 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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1. Introduction 
Weeds are one of the major problems in both conventional and 
organic crop production systems and are responsible for 
significant crop yield reduction. However, controlling weeds in 
organic farming is challenging and requires the use of many 
techniques and strategies to achieve economically acceptable 
weed control and crop yields. 

Mechanical cultivation is a widely-used method for removing 
weeds between crop rows (inter-row space). Although, the 
weeds that grow in the inter-row space can be effectively 
removed by cultivation, a strip of weeds remains within the crop 
row (intra-row). Thus, the weeds that grow close to the crop row 
present the greatest challenge in mechanical cultivation, as they 
directly influence crop performance. A combination of methods 
is therefore necessary to maintain satisfactory weed control in 
the entire crop row (both inter-row and intra-row space). 

Propane flaming is one of the most promising alternatives for 
weed control in organic cropping systems (Ulloa et al., 2010; 
2011). Flaming is a thermal weed control method that can kill 
weeds within or between crop rows using heat. Propane flaming 
is not an individual practice for non-chemical weed control. 
Other measures are still needed to control weeds that emerge 
later during the growing season. For example, many organic 
farmers in the USA typically utilize at least four to five weeding 
operations per season in their agronomic crops, which include a 
combination of multiple cultivation and/or hand weeding 
(Knezevic, personal observations). Therefore, the objective of 
this research was to determine the level of weed control and 
crop response to flaming and cultivation conducted up to two 
times per season. Reducing the number of weed control 
operations (e.g., trips across the field) can provide significant 
savings to the production costs of maize and soybean. 

2. Materials and methods 
Field experiments were conducted in 2010 and 2011 at the 
University of Nebraska, Concord, Nebraska, USA. The tested 
crops were maize and soybean, which were planted in rows 
spaced 76 cm apart with a four-row planter in 10 m  3 m plots. 
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2.1 Experimental design and treatments 

The experiment was set up as a randomized complete block 
design with four replications. The treatments consisted of a 
weed-free control, a weedy season-long and six weed control 
treatments that included cultivation once (V4 for maize and VC 
for soybean), cultivation twice (V4 and V6 for maize, and VC 
and V4 for soybean), cultivation plus flaming once (V4 for 
maize and VC for soybean), cultivation plus flaming twice (V4 
and V6 for maize, and VC and V4 for soybean), full flaming 
once (V4 for maize and VC for soybean) and full flaming twice 
(V4 and V6 for maize, and VC and V4 for soybean). 

2.2 F laming machines 

Flaming was conducted with the flame weeding equipment 
developed by the University of Nebraska and was driven at a 
constant speed of 5 km h 1 with the four-row full flamer (4-R 
FF)  and the four-row flamer/cultivator (4-R FC) . 

The 4-R FF had eight torches, which were shielded with hoods 
to keep the heat close to the ground and weeds, thus generating a 
sufficient amount of heat using less propane. The propane rate 
was 45 kg ha 1. In the early season setup, the hoods were closed 
to flame during the early vegetative growth stages of crops: V4 
for maize and VC for soybean. In the late season setup, the 
hoods were opened to create a 10 to 15 cm gap between the two 
hoods, which allowed the crop row to pass through the gap. 

The 4-R FC was designed by retrofitting flaming torches and 
hoods onto a Noble Four-Row-Runner cultivator. The hoods 
were 30 cm wide and were centred over the crop row. The 
propane rate was only 20 kg ha 1, as 30 cm intra-row space on 
either side of the crop row was flamed. The hoods were closed 
to flame at the early growth stages. During late-season flaming, 
the crop passed through a 10 cm opening (gap) between the two 
halves of the hood. 

2.3 Data collection and statistical analysis 

Weed control was evaluated visually at 28 DAT utilizing a scale 
from 0 to 100% (0 = no weed control and 100 = complete weed 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

control). For grain harvest 6 m2 areas of the centre two rows of 
each plot were hand clipped. Reported yields were adjusted to 
15.5% moisture for maize and 13% moisture for soybean. An 
ANOVA was performed using PROC GLIMMIX procedure in 
SAS to test for significance (P < 0.05) of years, treatments, 
replications and their interactions based on the response 
variables. The treatment means were 
Protected LSD procedure at P = 0.05. 

3. Results and conclusions 

3.1 E ffect of flaming and cultivation in maize 

Levels of weed control at 28 DAT varied from poor (< 50%) to 
excellent (> 90%) (Tab. 1). Maize cultivated once at the V4 
stage provided only 33% weed control compared to the 92% 
control in the plots that received twice the combination of 
cultivation and banded flaming (V4 & V6 stages). 

Maize cultivated once at the V4 stage had the lowest yield (8.2 
t ha 1), while the plots cultivated twice yielded 8.4 t ha 1. The 
combination treatment of cultivation and banded flaming 
applied twice (V4 & V6 stages) yielded 10.9 t ha 1. 

Full flaming conducted twice (V4 & V6 stages) also resulted 
in 83% weed control and 10.1 t ha 1 yields, which were 
statistically similar to the weed control and yields obtained from 
the combination treatment of cultivation and banded flaming 
(Tab. 1). There was a regrowth of grassy weeds in the intra-row 
space after full flaming treatments, which is the reason for 83% 
weed control ratings. There was no regrowth of broadleaf weeds 
(data not presented). 

3.2 E ffect of flaming and cultivation in soybean 

Levels of weed control in soybean at 28 DAT also varied among 
treatments, ranging from poor (< 50%) to satisfactory (> 80%) 
(Tab. 2). Soybean cultivated once at the VC stage had only 30% 
compared to the 83% control in the plots that received the 
combination of cultivation and banded flaming twice (VC & V4 
stages). The combination of cultivation and banded flaming 
applied at the VC and V4 stages provided only 83% weed 
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control due to the regrowth of grassy species. There was no 
regrowth of broadleaf weeds (data not presented). 

There was an initial injury of soybean (data not shown), but 
the crop recovered well after flaming, regardless of the 
treatment. Full flaming conducted once at the VC stage resulted 
in the lowest yield (1.5 t ha 1) due to weed competition from 
subsequent weed flushes. The highest yields were obtained in 
the weed-free control (3.1 t ha 1) and the plots flamed and 
cultivated twice at the VC and V4 stages (2.8 t ha 1). Full 
flaming conducted twice at the VC and V4 stages yielded 2.6 t 
ha 1. 

In maize, the most promising weed control strategies were the 
combination of banded flaming with cultivation or full flaming, 
both conducted twice per season, which provided satisfactory 
weed control of 92% and 83%, respectively, and statistically 
similar yield to the weed-free control. From a practical 
standpoint, these results are encouraging and need to be verified 
further in a larger maize production setting. Reducing the 
number of weed control operations to only two per season can 
result in a significant savings in organic maize production. 

In soybean, the most promising weed control strategy was the 
banded flaming plus cultivation conducted twice which provided 
satisfactory weed control of 83%. From a practical standpoint, 
an additional weed control operation in soybean might be 
needed to obtain close to 90% level of weed control. 

In both maize and soybean, none of the treatments provided 
over 95% weed control, suggesting that there is a need for more 
than two weed control operations per season. Some may argue 
that such high level of weed control (> 95%) may not be 
necessary from both economic and environmental standpoint, 
and the fact that most organic growers are satisfied with about 
80% weed control (Knezevic and Ulloa, 2007). In order to 
achieve such high levels of weed control (> 95%), an innovative 
combination of weed control tools and timings of their use are 
needed. Such strategies might be also highly depended on the 
field-specific characteristics and cropping history. Additional 
studies are needed to test such a hypothesis. 

 

2.1 Experimental design and treatments 

The experiment was set up as a randomized complete block 
design with four replications. The treatments consisted of a 
weed-free control, a weedy season-long and six weed control 
treatments that included cultivation once (V4 for maize and VC 
for soybean), cultivation twice (V4 and V6 for maize, and VC 
and V4 for soybean), cultivation plus flaming once (V4 for 
maize and VC for soybean), cultivation plus flaming twice (V4 
and V6 for maize, and VC and V4 for soybean), full flaming 
once (V4 for maize and VC for soybean) and full flaming twice 
(V4 and V6 for maize, and VC and V4 for soybean). 

2.2 F laming machines 

Flaming was conducted with the flame weeding equipment 
developed by the University of Nebraska and was driven at a 
constant speed of 5 km h 1 with the four-row full flamer (4-R 
FF)  and the four-row flamer/cultivator (4-R FC) . 

The 4-R FF had eight torches, which were shielded with hoods 
to keep the heat close to the ground and weeds, thus generating a 
sufficient amount of heat using less propane. The propane rate 
was 45 kg ha 1. In the early season setup, the hoods were closed 
to flame during the early vegetative growth stages of crops: V4 
for maize and VC for soybean. In the late season setup, the 
hoods were opened to create a 10 to 15 cm gap between the two 
hoods, which allowed the crop row to pass through the gap. 

The 4-R FC was designed by retrofitting flaming torches and 
hoods onto a Noble Four-Row-Runner cultivator. The hoods 
were 30 cm wide and were centred over the crop row. The 
propane rate was only 20 kg ha 1, as 30 cm intra-row space on 
either side of the crop row was flamed. The hoods were closed 
to flame at the early growth stages. During late-season flaming, 
the crop passed through a 10 cm opening (gap) between the two 
halves of the hood. 

2.3 Data collection and statistical analysis 

Weed control was evaluated visually at 28 DAT utilizing a scale 
from 0 to 100% (0 = no weed control and 100 = complete weed 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract Modern technologies allow to design and 
implementing autonomous robotic weed control system, suitable 
to perform treatments according to a precision farming 
management. The RHEA European project fits in this branch of 
research with the aim of project and provide a fleet of different 
autonomous robot units in order to perform precise and targeted 
treatments related to crops protection, allowing to lower 
agrochemical, energy and hand labour input. In this work is 
described the LPG feeding system of an autonomous robotic 
ground mobile unit designed to perform thermal and mechanical 
weed-control treatment on maize. 

 
1. Introduction  

In the last decades, new technologies based on machines vision 
analysis, global positioning systems, decision-making 
capabilities for processing information entered strongly into the 
word of agriculture. Many researchers provided a lot of efforts 
in order to design and realize autonomous robots able to perform 
weed control (Slaughter et al., 2008). Many of these equipments 
can perform non-chemical weed control and they consist in 
precision weeders (provided with hoes or other similar 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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implements) with systems for weed detection and automatic row 
crop guidance (Slaughter et al., 2008). In this framework in 
2010 started an European Project called RHEA “Robot Fleets 
for Highly Effective Agriculture and Forestry Management” 
aiming to realize different autonomous robot units in order to 
perform precise and targeted treatments related to crops 
protection. In this paper is described the LPG system 
management of an autonomous ground mobile unit able to 
perform mechanical and thermal weed control on maize. The 
first machines combining mechanical and thermal weed control 
was patented in 1900, and over time other prototypes were 
produced by researchers (Neilson, 2012; Peruzzi et al. 2007). 

The operative machines for physical weed control, developed 
within the Rhea Project, has a modular structure. (Peruzzi et al., 
2012) 

2. LPG management system 

The machine was designed to perform mechanical and targeted 
thermal weed control (Peruzzi et al., 2012). Cross flaming in the 
row of the crop will be performed always at the same driving 
spped (6 kmh-1) but with two different working pressures, 
according to the degree of weeds cover detected by a vision 
based perception systems mounted on the front part of the 
ground mobile unit. In this way we obtain two levels of 
“intensity” of thermal treatment (corresponding to two different 
LPG doses per unit surface). As a matter of fact, using higher 
operating pressure can improve the penetration of the flame in 
dense weed canopy (Thomas, 1964). 

The values of the LPG working pressures are 0.3 MPa and 0.4 
MPa, and they will be adopted according to the level of weeds 
infestation, as shown in table 1. Each flaming module is 
composed by two 25 cm wide rod burners fed by an LPG tank, 
and all the actuators and the sensor devices of the systems will 
be managed by a PLC mounted on the machines (Fig. 1). 
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Following the LPG feeding line, after the bottle, there is a 
manual pressure regulator that will be set at the values of 0.5 
MPa. A pressure transmitter (device that convert pressure in a 
low voltage out-put) will monitor the status of the LPG tank 
sending an analog signal to the PLC. When the LPG in the bottle 
is going to finish and the pressure decrease at values below 0.4 
MPa, PLC will close the main electro-valves and transfers the 
information at the general control and management system of 
the ground mobile unit. All the electro-valves of the systems are 
normally closed solenoid valves enabling the LPG flux when 
they are supplied with electrical power input. After the main 
electro-valve the LPG feeding line is splitted in two branches, 
one for each working pressures (Fig. 1). 

Each branch is provided upstream with a manual pressure 
regulator (set at the proper value of working pressure) and 
downstream with a secondary electro-valve. The PLC assisted 
by the information processed by the weed detection system will 
activate the proper secondary electro-valve according to the 
level of weed infestation (Table 1). 

After the secondary electro-valve the gas feeding line is 
provided with an external LPG/air mixer that allows the access 
of primary air (Fig. 2), other inlet on the carter of the burners 
enable the intake of the secondary air. 

Both primary and secondary air self-aspirating systems are 
based on the Venturi effect. In the first case (external 
LPG/primary air mixer) depression is created by the flow of 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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LPG at high speed achieved by a passage through a narrow 
nozzle section. The secondary air is aspirated by the depression 
created by the flow of the flame, thus it depends on its speed. 
Each burner is provided by an electric ignition system managed 
by the PLC.  

 

Fig. 1. Scheme of the LPG management system provided on the 
autonomous ground mobile unit: PR) manual pressure regulator; 
PT) pressure transmitter; EV1) normally closed solenoid main 
electro-valve; EV2-EV3) normally closed solenoid secondaries 
electro-valves; PR) pressure regulator; T) transformer; E) 
electrode; PLC) programmable logic controller. 

The electric ignition system consists in a transformer, one for 
each burner, converting the voltage values of 24V-DC to 12kV-
AC and a bipolar electrode with a ceramic insulator body. 



71

5 

 

Fig. 2. Scheme of the LPG/Primary air external mixer.  

The power of the transformer (80W) allows obtaining an electric 
arc between the two poles of the electrode, able to “instantly” 
ignite the LPG/air mixture even at the higher working pressures 
(Fig. 3). 

  

Fig. 3. Sequence of the electric ignition of the burner at the 
working pressures of 0.4 MPa. 

So during the treatment, after the opening of the main electro-
valve, the PLC will send a signal to open the adequate 
secondary electro-valve and contemporary will provide the 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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power supply for the transformers. 

Each burner is also provided with a type K thermocouple, 
checking the presence of the flame during the treatment and 
sending a low voltage output signal to the PLC. In case of 
accidental shutdown of the flame, the PLC will close the main 
electro-valve avoiding LPG efflux. 

3. Conclusions  

The automatic, sensor based LPG feeding system projected and 
partially realized in order to be used for the proper functioning 
of the autonomous ground mobile unit for thermal and 
mechanical weed control represents the first application in the 
world of this kind. This system will allow the ground mobile 
unit to perform precision flaming with different degrees of 
intensity according to weed cover detected by the perception 
system. This robotic application will allow to apply flaming 
automatically, reducing LPG consumption per ha with respect to 
the amount commonly used with conventional “low-tech” 
flaming machines. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: To protect plants from diseases and pests chemicals 
are used. We present canopy optimised sprayer development 
under CROPS EU project, which should optimize the 
application of pesticides according to shape and density of 
plantation. Sensing equipment should detect the shape and 
density of a canopy. Main sensing devices are laser scanner, 
RGB camera and ultrasonic sensors. For the analysis of sensing 
data, the tree canopy is sliced in three sections from top to 
bottom. For each slice single end effector is adjusted in 
accordance with slice parameters and its spray requirements. 
The manupulation arm with spraying elements of the prototype 
sprayer system for canopy optimised spraying is mounted on a 
trailed air-assisted sprayer. Manipulator part of canopy 
optimised spraying is designed with eight degrees of freedom. 
The final goal of close range precision sprayer, developed 
within CROPS project is to achieve canopy optimized spraying 
with reduction of pesticide application by 30%. 

1. Introduction 
Apple fruit orchards are sprayed mainly with 
orchard sprayers. Unfortunately, the large radial spray plume 
generated is prone to spray drift, thus large losses to the 
atmosphere and ground occur (Cross et al., 2001). A number of 
systems for adjusting the applied dose of plant protection 
products according to orchard structure have been developed in 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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the past decades. One widely accepted is the Tree Row Volume 
(TRV) dosing system initiated by Byers et al., 1971. In this 
system, the dose applied to an orchard is selected by varying the 
spray volume at constant pesticide concentration in proportion 
to the TRV. In contrast to the TRV model, Pergher et al., 1997 
and Pergher and Petris, 2007 proposed the use of leaf area 
measurements to improve the correlation between deposits given 
by different types of spraying equipment and types of hedgerow 
vineyards. Different shapes and sizes of tree canopies require 
continual calculation of TRV to optimize the spray application 
efficiency (Solanelles et al., 2006). 

In the last 10 years measurement of crop structure has been 
simplified by the development of a range of non-invasive optical 
and ultrasonic sampling techniques. The development of a range 
detection system (LIDAR) has made it possible to take quick 
and detailed readings of crop structure (Wangler et al. 1997). 
These are suitable for computational processing to calculate a 
wide range of summary parameters based on a probabilistic 
interpretation of light transmission and crop interception 
characteristics (Walklate et al., 2002).  

We suggest such a modified system of actuators that volume, 
direction and position of spray outlet could be fine adjusted in 
dependence of the tree row canopy shape and density. The 
proposed canopy optimised sprayer is built under CROPS 7FP 
EU project.  

Crops is a large-scale integrating FP7 EU project in the theme 
Nanotechnologies, Materials and new Production Technologies. 
CROPS is aimed to develop scientific know-how for a highly 
configurable, modular and clever carrier platform that includes 
modular parallel manipulators and intelligent tools (sensors, 
algorithms, sprayers, grippers) that can be easily installed onto 
the carrier and are capable of adapting to new tasks and 
conditions.  

2. Sprayer design 

The prototype sprayer system for canopy optimised spraying is 
based on a trailed air-assisted sprayer equipped with radial fan 
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and a piston-diaphragm pump. Radial fan is mounted at rear of 
the sprayer. A special designed experimental spraying arm is 
mounted on sprayer frame between the fan and the tank. For 
simplicity there is just one arm on the right side of the sprayer.  

Fig. 1. Canopy optimised sprayer. 

Spraying arm consists of central, side movable beam on which 
end a central holder for upper and lower arm part is connected. 
Upper arm part and lower arm part consist of two square tubes 
of which one is of smaller dimensions and inserted into the 
another. In this way extendable beam is provided on which end 
the spray unit is mounted. Spray unit is designed in such a way 
that air spouts with nozzles can be swing up and down ±35°. 
There is also one spray unit mounted on the central holder in the 
middle. At the side of each air spout there are pesticide nozzles, 
controlled by solenoid valves. All degrees of freedom are 
hydraulically operated. 

3. Sensing equipment 

For sensing, we plan to use three sensing devices, laser scanner, 
RGB camera and ultrasonic sensor.  
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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The SICK LMS 111scanner was tested to perform well in all 
illumination conditions, including direct sunlight. RGB camera 
is Flea2 industrial camera with 1032x768 pixel resolution, 1/3" 
sensor and 5 mm megapixel lens. The ultrasonic sensors emit an 
ultrasonic pulse and measure the intensity and time of reflected 
sound. Leaves of the canopy are not solid target, and penetration 
of ultrasound in the canopy occurs. Scattered sound from the 
middle of the canopy is again attenuated by the leaves, but some 
information on canopy density and thickness is possible. For 
canopy detection, the following characteristics are required: (1) 
variable amplification due to absorption changes with distance 
in addition to basic fixed amplification, (2) temperature 
compensation, (3) RMS value of reflected signal must be 
calculated in intervals to evaluate canopy density and thickness, 
(4) very high sampling rate of microcontroller is required to 
distinguish between supports and canopies. Sensing distance of 
ultrasonic sensors is from 0.5 m to 1.5 m. This value is based on 
estimation of slender spindle growing system and average inter 
row distances. 

4. Degrees of freedom and inverse k inematics algorithm 

The canopy optimised sprayer is designed to position the 
spraying nozzles and spray at a distance Dspray perpendicular to 
the canopy outline (Fig. 2). Eight degrees of freedom were 
selected. In contrast to the middle arm, no analytical solution 
exists to calculate positions of upper and lower arm, we use a 
nonlinear algorithm to solve the unknown variables. 

5. Software architecture 

Software architecture is provided by several modules which run 
independently. Main modules are laser scanner sensing, RGB 
camera sensing, ultrasonic sensing, intelligent sensor fusion / 
learning algorithms module, spraying manipulator control 
module, and inverse kinematics module. All sensing modules 
currently run with a speed of data acquisition, thus loop times 
are 20 ms for laser scanner, 33 ms for RGB camera and 15 ms 
for ultrasonic sensors. 
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Fig. 2. Degrees of freedom of the spraying arm. Hydraulic 

cylinders (C0 to C7) represent degrees of freedom. Dark green 
lines are multidimensional surfaces fitted to the canopy. 

Every sensing module stores acquired data in a table and delays 
it according to travel speed of the sprayer. All sensing modules 
send their measurement results to intelligent sensor fusion / 
learning algorithms module, which processes sensing 
information and outputs the processed sensing data to inverse 
kinematics module. This information contains desired positions 
of the spraying arm and canopy density. Loop time of inverse 
kinematic module is around 20 ms, depending on the current and 
required position of the spraying arm. Spraying manipulator 
control module measures current positions of all degrees of 
freedom every 5 ms. 

All data acquisition is performed within National Instruments / 
Labview hardware and software. A desktop Pentium i5 
computer is used for the acquisition and analysis. Fig. 1 shows 
part of user interface of artificial tree sensing with laser scanner  
in the laboratory with stationary sprayer. In the future we plan to 
switch to ROS middleware. A sample front panel of the laser 
scanner sensing module is shown in Fig. 3. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Fig. 3. Front panel of the laser scanner sensing module, 

stationary sprayer. Each surface corresponds to canopy surface. 

6. Conclusions 

The canopy optimised sprayer will be evaluated in the following 
years in apple orchards. Further design work will be focused on 
intelligent sensor fusion / learning algorithms and improvment 
of manipulator design. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract:  
Information on fruit tree crops canopy is very useful for many 
purposes in crop management. Several non-destructive 
methodologies have been developed to estimate canopy volume 
and Leaf Area Index using ultrasonic or LiDAR sensors (Light 
Detection And Ranging). The implementation of an RTK-DGPS 
receiver allows geo-referencing all the information obtaining 
highly detailed digital models of the vegetation. This 
information could be used to help farmers and advisors to 
choose the right dose rate for their orchards and vineyards using 
dedicated software (DOSAVIÑA and DOSAFRUT) but could 
also be of interest for other purposes. 

Another use of this information is to adjust the dose rate on a 
variable rate real-time basis. Two prototypes have been 
implemented for orchard and vineyard on-the-go applications. 
Both prototypes are divided in a) a canopy characterization 
system to estimate the canopy volume, b) an electronic 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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controller to run the control algorithm and, c) several actuators 
(valves) to modify the sprayed flow rate. 

The results obtained with the prototypes show clear savings in 
relation to a conventional orchard or vineyard sprayer. The 
variable rate prototype sprays an adapted flow rate taking into 
consideration the macro and micro variability of the canopy size 
throughout the orchard and vineyard while conventional 
sprayers keep spraying a constant flow rate regardless the size 
and even the absence of canopy. 

The total savings of these systems depend on the training system 
of the canopies and the variability along the rows. The higher 
the variability, the higher the savings. Moreover, the spray boom 
is divided into 3 independent sections in height so that different 
spraying flow rates could be applied according to the specific 
variability of each level. 

1. Introduction 

In the Research Group on Precision Agriculture, AgroICT & 
Agrotechnology we have been using ultrasonic and LiDAR 
(Light Detection And Ranging) sensors to characterize canopies 
in vineyards and orchards. The application of these first 
developments was focused on adjusting the dose rate of plant 
protection products. The characterization was firstly based on 
estimating the canopy width at different heights to determine the 
cross-sectional canopy area for each scan. As the sensors were 
moved along the alleys, those cross-sectional areas turned into 
canopy volume. The dose adjustment was formerly based on the 
Tree Row Volume (TRV) principle, converting canopy volume 
into the appropriate flow rate to correctly distribute the required 
plant protection product rate (Rosell et al., 2009; Sanz et al., 
2011). This technology was implemented in a real-time variable 
rate sprayer prototype for orchards and another one for 
vineyards. A subsequently improvement was the use of LiDAR 
sensors to estimate the Leaf Area Index (LAI) and the 
percentage of gaps along the rows. This approach was used in a 
decision support system for vineyards (DOSAVIÑA) and for 
fruit crops (DOSAFRUT). In this communication we present the 
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last improvements of the canopy characterization systems, dose 
adjustments decision support systems and the variable 
prototypes. 

2. Canopy characterization 
The characterization of treetops and tree plantations using 
LiDAR sensors is based on the emission of infrared laser light 
pulses. The sensor determines the distance from the sensor to the 
canopy. The sensor used sends pulses of laser light in one plane 
(2D), changing the angle of emission between consecutive 
pulses. When moving the sensor, successive detection planes of 
the object are obtained, resulting in a 3D characterization. The 
result of the measurement consists on a set or cloud of points 
corresponding to the impacts of light on the constituents of 
plants. The obtained point cloud become a three-dimensional 
model of the plant and is the basis for obtaining various 
geometric and structural parameters of this. In the present work, 
the point clouds have been obtained by the linear displacement 
of LiDAR along the tree rows and geo-referencing the obtained 
points with centimetre accuracy by means of the integration of 
RTK-DGPS with an inertial sensor to provide more accurate 
measurements (Fig. 1 left). Geostatistical processes were used 
create maps of the scanned crops (Fig. 1 center and right).  

 
Fig. 1. LiDAR based system to scan canopy rows equipped with an RTK-

DGPS receiver and an inertial unit (left) and the obtained LAI map (center) 
and vigour zones map (right). 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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3. Decision support systems 
DOSAVIÑA is a Decision Support System developed to 
determine the optimal application volume rate for vineyard 
spraying with conventional sprayers. This decision tool is based 
on multiple data obtained after several years in real working 
conditions using different types of sprayers in vineyards, and 
includes a complete data base about crop characteristics 
(structure, crop stage, leaf area, leaf area index, leaf area 
density, etc). The computer program has been developed with 
the objective to generate an easy-to-use and useful tool and is 
able to determine the optimal volume rate to apply in vineyards, 
based on different calibration procedures. DOSAVIÑA also 
quantifies, in terms of losses of liquid, the effect of all 
parameters involved during the application process (Gil et al., 
2009). The obtained results after five years of use in real 
conditions in the field show the interest of DOSAVIÑA. 
Average reduction about 39% in volume rates has been obtained 
and, consequently, the same reduction has been achieved in 
terms of plant protection products (Gil et al., 2011).  

DOSAFRUT was formerly based on DOSAVIÑA and was 
adapted to the specifications of fruit tree crops. Subsequently, 
DOSAFRUT have been taking advantage of the use of lidar 
sensors and pictograms to help farmers to better adjust the dose 
rate to their specific situations. DOSAFRUT is available online 
at www.dosafrut.com.  

4. Variable rate sprayers 
The developed prototypes (Fig. 2) are able to modify the spray 
application rate according to the target geometry of fruit or vine 
canopies. Variations in canopy width and canopy cross-sectional 
area along the crop row are electronically measured by either 3 
ultrasonic (Escolà et al., 2011) or a LiDAR sensor. The received 
signals are processed according to an algorithm to calculate the 
appropriate flow rate. The sprayed flow rate is modified by 
means of high frequency electromagnetic valves in real-time. 
The objective during the whole process is to keep a constant 
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application rate per unit of canopy volume (Solanelles et al., 
2006; Gil et al., 2007; Llorens et al., 2010). An example of the 
resulting variable rate application is shown in Fig. 3. The 
sprayed volume line follows the canopy volume line while a 
constant flow rate application sprays the same amount of 
product regardless the size of the canopy. 

 
Fig. 2. Variable rate prototype sprayer for orchards (left)  

and for vineyards (right). 

 

Fig. 3. Canopy volume (green line), variable rate sprayed volume (blue line) 
and constant flow rate application (red line) evolution along a vineyard row. 

5. Results and conclusions 
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better adjusting dose rates to specific orchard or vineyard 
conditions. Using the developed decision support systems 
together with conventional sprayers have been proven to reduce 
the amount of plant protection products without affecting the 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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efficacy of the treatments. Using variable rate sprayers is a good 
alternative to automatically adjust doses according to canopy 
variability in real time. These results are in line with the main 
objective of the European Directive of Sustainable Use of 
Pesticides.  
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Abstract: In current farming practice, pesticides are typically applied 
uniformly to the field despite several pests and diseases exhibit an 
uneven spatial distribution, especially at early stages of development. 
Pesticides are recognised to play a major role in environmental and 
production costs of agriculture activity, as well as in public concerns 
about products wholesomeness. There is then a growing interest in 
developing suitable techniques and equipment aimed to selectively 
target the application of pesticides where and when needed by the 
crop. One of the tasks of CROPS UE-project is to investigate such an 
approach by developing robotic targeting of pesticides distribution on 
infected areas. This will include a disease symptoms sensing system, 
and in this work we explore the use of a machine vision to accomplish 
this task on grapevine canopy under field conditions. As case studies 
we consider here the automatic detection of symptoms of two major 
grapevine diseases: powdery mildew (Erysiphe necator) and downy 
mildew (Plasmopora viticola) on leaves. 

1. Introduction  

Pesticides are typically applied uniformly despite several pests and 
diseases exhibit an uneven spatial distribution, with patchy-structures 
evolving around discrete foci, especially during early stages of 
development. Grapevine is not an exception and, in current viticulture 
practice fungicides are uniformly applied to the vineyard according a 
spraying calendar, commonly based on regular and frequent fungicide 
applications, more rarely triggered by experts decisions or objective 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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data. This continuous protection approach can easily result in ten to 
fifteen treatments per season, often at application rates of 500-1000 
dm3/ha each, for many vineyards in some of the most advanced wine-
producing regions worldwide. Pesticides are also recognised to play a 
major role in environmental pressure, production costs and in public 
concerns about healthiness and wholesomeness of products. There is 
then an increasing interest in developing suitable techniques and 
equipment able to selectively target the application of pesticides 
where and when needed by the crop, with the aim of preventing or 
inhibiting the establishment of the infection and its epidemic spread to 
the whole field.  
One of the tasks of UE funded project CROPS (www.crops-robots.eu) 
is to investigate such approach by developing robotic targeting of crop 
protection on areas detected as infected or susceptible to be. Among 
possible sensing technics for disease symptoms detection, proximal 
optical sensing has specific characteristics especially relevant for field 
applications on grapevine and other fruit-tree crops. In particular, it 
can inspect the vertical structure of the canopy, allowing for potential 
on-the-go detection of early symptoms even at sub-centimetre scale.  
In this work we explore the possible use of a machine vision to 
accomplish this task in vineyard, relying on detecting the optical 
modifications induced by two major grapevine fungal diseases 
powdery mildew (PM) and downy mildew (DM) on leaves.  
2. Materials and methods 

2.1 Plant material and diseases assessment 

A set of field measurements were carried out between May and July 
2011 in the area of Garda Lake (45.5°N, 10.5°E), Italy. Six 
experimental plots, each of 15 plants of grapevine (V. vinifera, cv 
Groppello) were obtained in two commercial vineyards: plots group A 
in Raffa di Puegnago, and group B in Tuscolano Maderno. All plots 
were managed according the farming practice adopted in the hosting 
vineyards, except for pesticides treatments. DM and PM were 
artificially inoculated in plots A and B, respectively, in order to 
produce traceable, localized and possibly subsequent sprouts of fungal 
diseases during the measurements period. DM symptoms at different 
stages were obtained on leaves in two out of three plots of group A, 
while powdery mildew symptoms at different stages were obtained on 
leaves in one out of three plots of group B. Experimental plots were 
regularly monitored by plant pathologists through visual scouting and 
occurrence of disease and position of symptoms were recorded. 
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Symptoms intensity was rated by evaluating the growth stage of 
fungal colonies on leaf surface, and disease severity was assessed as 
the average percentage of the leaf area in the focus showing 
symptoms. For the limited aims of this study, an arbitrary and 
qualitative scale was used by designating as: initial symptoms, those 
corresponding to small (5 mm in diameter) and sparse (less than 1% of 
leaf surface affected on five leaves around the focus) fungal 
structures; medium intensity symptoms, those exhibiting visible patch-
structures (10-15 mm in diameter) with a partly diffused focus (less 
than 10% of leaf surface affected); advanced symptoms, with 
extended colonies (20-50 mm) of mature or partly sporulating fungal 
structures affecting 10% or more of leaf tissue in the neighbor of 
disease focus. 

Fig. 1. Instrumented field trolley hosting the acquisition system. Canopy 
imaging is done inside a tunnel structure providing background regularization 
and diffuse illumination of the measured area 

2.2 Field measurements setup 

Field acquisition were done by moving an instrumented trolley along 
the grapevine rows within the experimental plots. The trolley (Fig.1) 
held a tunnel structure aimed to cover the imaged area of the canopy 
with two goals: to provide background regularization and avoid 
multiple rows viewing by means of a black, low-reflective shield;  to 
avoid specular reflection spots on foliage and to homogeneously 
illuminate the measured area with was a white, light-diffusing shields 
used as roof and lateral walls. The instrumented trolley hosted the 
electronic apparatus used for the measurements. In particular, a multi-
sensor acquisition system was used which included: an RGB color 
camera (acA1300, Basler, Germany); a VIS-NIR hyperspectral system 
(ImSpector V10, Specim, Finland); an R-G-NIR multispectral camera 
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myosuroides occurs on average in only 41% of the field area, 
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farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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(MS4100, DuncanTech, USA). In this study the data acquired with the 
latter are only considered. The R-G-NIR multispectral camera 
acquires 1912x1076 pixels, 8 bit images in three distinct spectral 
channels: green (540nm), red (660nm) and near infrared (800nm). The 
canopy area imaged was about 1.25x 0.7 m, resulting in a spatial 
resolution of about 0.6 mm/pixel.  

2.3. Diseases detection algorithm  

Among multispectral images, two sets of 15 images each, containing 
DM and PM, respectively, were chosen. The dataset covered a range 
of diseases severity, leaf age, natural light conditions and other 
possible interfering factors as any abnormal tissue pigmentations. 
Within the images and according to plant pathologist classification, 
subregions of 10x10 pixels (ROIs) containing homogeneous tissue 
were manually selected. The number of ROIs for each class was 
chosen to obtain a balanced distribution among healthy (20 ROIs), 
diseased tissue at different PM and DM stages (20 ROIs each), and 
abnormally illuminated or pigmented tissue (10 ROIs). The identified 
ROIs were used to define the disease detection algorithm and to train 
the classification parameters. 
Raw pixels intensity in each channel is normalized using two 
reflectance references (spectralon 50% and 99%) included in the 
image field. Secondly, the resulting image is then locally normalized 
with the low-pass filtered (smoothed) NIR channel image, used as a 
map of illumination intensity in the image field. The NIR-smoothed 
normalization is used to compensate heterogeneities in illumination 
(shadows, leaves in different canopy layers etc.). After these intensity 
normalizations, the distribution of raw values of grey levels in the 
three channels did not allow a clear discrimination between healthy 
and diseased areas. Nevertheless, this can be enhanced by using 
appropriate spectral indices, i.e. algebraic combinations of pixel’s 
grey levels in two or more spectral channels. In particular, the 
following spectral indexes showed encouraging discrimination power 
on our training sets. For PM detection: 
 I1 = (Red*Green) / NIR^2   [1] 
 I2 = (NIR - Red) / (NIR + Red)   [2] 
and for DM detection: 
 I3 = Red /(Red+Green+NIR)   [3] 
 I4 = Green /(Red+Green+NIR)   [4] 
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The indexes are designed to respond differently to reflectance 
variations in either red or green channel, or a combination of both. 
Indeed, being the red channel overlapped to the chlorophyll absorption 
band, this is especially expected to respond to local tissue degradation 
linked to a pathogen attack, while the green channel is more 
associated to yellowing pigmentation, typical for DM and in general 
for more advanced diseases symptoms. 
 

Fig. 2. Distribution of the indexes computed for the pixels from powdery 
mildew (left) and downy mildew (right) training sets. Data from healthy 
tissue is shown in green; abnormally illuminated or pigmented or young 
tissue is shown in blue, diseased tissue is shown in magenta. Solid lines 
represents the discriminating the function used as classifiers. 

Figure 2 shows how pixels from ROIs of the training set are mapped 
into the plane defined by the spectral indexes pairs respectively for 
PM (Fig.2, left) and DM (Fig.2, right). The data corresponding to 
healthy and diseased tissue appear to be gathered enough for effective 
clustering of both the diseases. It is nevertheless evident the possible 
misclassification problems that pixels from non-uniformly illuminated 
areas or from very young leaf tissue (here classified as false positives) 
can lead to. 
For PM case, in the spectral indexes plane, the plume-shape 
distributed disease data were discriminated from healthy and false 
positives by means of a quadratic function; while for more sparse data 
of DM case, a linear function was chosen. The classification indexes 
and their corresponding discriminant functions were implemented in 
image analysis disease detection algorithm. After background 
removal, for each foreground pixel the indexes I1 and I2 (for PM 
images) or I3 and 4 (for DM images) are computed, and according the 
discriminant function the pixel correspondingly classified. As result a 
set of binary regions are obtained as disease tissue candidates. 
Spurious isolated pixels are filtered by a morphological opening. 

3 

Symptoms intensity was rated by evaluating the growth stage of 
fungal colonies on leaf surface, and disease severity was assessed as 
the average percentage of the leaf area in the focus showing 
symptoms. For the limited aims of this study, an arbitrary and 
qualitative scale was used by designating as: initial symptoms, those 
corresponding to small (5 mm in diameter) and sparse (less than 1% of 
leaf surface affected on five leaves around the focus) fungal 
structures; medium intensity symptoms, those exhibiting visible patch-
structures (10-15 mm in diameter) with a partly diffused focus (less 
than 10% of leaf surface affected); advanced symptoms, with 
extended colonies (20-50 mm) of mature or partly sporulating fungal 
structures affecting 10% or more of leaf tissue in the neighbor of 
disease focus. 

Fig. 1. Instrumented field trolley hosting the acquisition system. Canopy 
imaging is done inside a tunnel structure providing background regularization 
and diffuse illumination of the measured area 

2.2 Field measurements setup 

Field acquisition were done by moving an instrumented trolley along 
the grapevine rows within the experimental plots. The trolley (Fig.1) 
held a tunnel structure aimed to cover the imaged area of the canopy 
with two goals: to provide background regularization and avoid 
multiple rows viewing by means of a black, low-reflective shield;  to 
avoid specular reflection spots on foliage and to homogeneously 
illuminate the measured area with was a white, light-diffusing shields 
used as roof and lateral walls. The instrumented trolley hosted the 
electronic apparatus used for the measurements. In particular, a multi-
sensor acquisition system was used which included: an RGB color 
camera (acA1300, Basler, Germany); a VIS-NIR hyperspectral system 
(ImSpector V10, Specim, Finland); an R-G-NIR multispectral camera 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Regions left are then assumed as disease tissue, while the rest of the 
foreground is assumed to correspond to healthy tissue.  
3. Results 

Figure 3 shows two results examples obtained by applying the 
detection algorithm to two field images from PM and DM sets, 
respectively. The proposed classifiers appeared to fairly detect 
medium to advanced intensity symptoms for both the considered 
diseases, which can be considered a successful starting point for the 
multispectral adopted approach. Nevertheless, the misclassification 
problems created by false positives appear to be quite important and 
further hardware improvements are needed to reduce the influence of 
illumination homogenization and local light reflections, which appear 
to be crucial especially when working on young leaves. Classification 
robustness reinforcement is also expected by the adoption of a data-
fusion approach, able to simultaneously consider images from multi-
spectral and hyper-spectral cameras. 
 

  
Fig. 3. Classification results of the disease detection algorithm on field 
images of grapevine canopy locally exhibiting powdery mildew (left) and 
downy mildew (right) symptoms. Uncolored regions represent healthy tissue 
correctly classified. Regions in orange indicate correctly detected diseased 
tissue, while in magenta are undetected diseases spots. In yellow are false 
positives, i.e. healthy tissue misclassified as mildew  
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: Most plant diseases develop at initial stage of 
infection around discrete foci, the primary source of new 
inoculums for widespread of diseases. We present a design and 
application of a close range precision spraying end effector, 
which was developed within CROPS EU project. Aerodynamic 
study of airflow / plant interaction was performed. The main 
goal was to establish favorable flow conditions around leaves 
for good pesticide application on both adaxial and abaxial leaves 
surfaces. In comparison with conventional spraying, coherent 
structures with close range precision spraying are too small to 
effectively carry spraying droplets around plant leaves and spray 
adaxial sides of leaves. We have used two close range precision 
spraying end effectors, rotated such that they both pointed the 
same spraying target. Flow fluctuations were introduced in the 
spraying airflow by a rotating screen.  

1. Introduction 

Precise application of pesticides supported by up-to-date 
technologies of target application is one of the most promising 
options of pesticide quantity reduction. The concept of precise 
application of pesticides involves adjustment of chemical 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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application to the needs of the target. Hence, there is a need to 
develop and introduce new techniques and systems for disease 
detection and pesticide application able to optimize the 
distribution of pesticides according to the specific characteristics 

infection symptoms. 

2. F low aerodynamics around plants and leaves 

Fluid flow carries pesticide droplets and exhibits pressure forces 
to surfaces of leaves and branches. Flow field of fluids around 
deformable bodies such as plants and their interaction with fluid 
flow are very complex and challenging problem in mechanics of 
fluids (Delele et al., 2007; Endalew et al., 2010). Studies of 
aerodynamic properties inside canopies have been initiated by 
studies of drag properties of plants. Reviews of the turbulence 
structure above and within the canopy were presented by 
Raupach et al. (1991) and Finnigan (2000). Canopy turbulence 
is dominated by intermittent coherent structures that are 
responsible for most of the momentum and scalar fluxes, and 
whose length scales are of the order of the canopy height. Large 
coherent structures, enable good propagation and interaction 
with the plant. To some extent, large coherent structures are 
responsible for flux of pesticide droplets to adaxial sides of 
leaves. In comparison with conventional spraying, coherent 
structures formed by SEF are too small to effectively carry 
spraying droplets around plant leaves and spray adaxial sides of 
leaves. Another option for spraying of adaxial side of leaf is to 
include fluctuations in the spraying airflow. Fluctuations of the 
spraying airflow cause non-uniform pressure loading and 
movement of the plant. 

3. Spraying end effector (SE F)  

The spraying end effector (SEF) was designed with the aim to 
perform precision spraying of small patches of infected areas. 
SEF consists of the following components: airflow generator, 
airflow nozzle, pesticide nozzle with anti-dripping device, pump 
for pesticide, electrical connections (power supply and control 
signals), pesticide connection, and chassis with optional 
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electronics. The SEF provides narrow spray angle around 30° 

with counter rotating rotors.  

Fig. 1. Close range precision spraying end effector (SEF). Left: 
back view of the model, middle: front view of the model and 

right: manufactured SEF with control box. 

4. Measurement setup 

Measurements of plant/airflow interaction were performed 
according to setup shown in Fig. 2. One or two SEF were used 
with or without rotating airflow screenbto introduce periodic 
fluctuations. We used a ficus pot plant with height 70 cm. 

Plant movements were recorded by a fast camera and later 
analyzed by image analysis algorithm. The camera used for 
image acquisition was B&W FASTEC HISPEC 4. Camera 
operated at resolution 640x600 pixel, 200 Hz frame rate and 
exposure time 50-600 s, number of images acquired was 5000. 
Nikkor 50 mm F1:1.2 lens was used. Illumination was provided 
by eight LED lights CREE XM-L T5. Image analysis was 
performed on recorded images to measure displacements and 
velocities of leaves. First multi-parameter detection of plant was 
performed to separate plant from the background. Edge 
detection was performed using Sobel filtering method followed 
by outlying particle removal using erosion algorithm. For 
erosion all objects in image were kept, that were resistant to the 
specified number of erosions. Kept objects were rendered to the 
shape and size the same as before erosion agorithm. After 
particle removal algorithm, holes were filled. In the second step, 
in locations of the plant, velocity was estimated from two 
successive images using normalized cross correlation method.  

electronics. The SEF provides narrow spray angle around 30° 

with counter rotating rotors.  

Fig. 1. Close range precision spraying end effector (SEF). Left: 
back view of the model, middle: front view of the model and 

right: manufactured SEF with control box. 

4. Measurement setup 

Measurements of plant/airflow interaction were performed 
according to setup shown in Fig. 2. One or two SEF were used 
with or without rotating airflow screenbto introduce periodic 
fluctuations. We used a ficus pot plant with height 70 cm. 

Plant movements were recorded by a fast camera and later 
analyzed by image analysis algorithm. The camera used for 
image acquisition was B&W FASTEC HISPEC 4. Camera 
operated at resolution 640x600 pixel, 200 Hz frame rate and 
exposure time 50-600 s, number of images acquired was 5000. 
Nikkor 50 mm F1:1.2 lens was used. Illumination was provided 
by eight LED lights CREE XM-L T5. Image analysis was 
performed on recorded images to measure displacements and 
velocities of leaves. First multi-parameter detection of plant was 
performed to separate plant from the background. Edge 
detection was performed using Sobel filtering method followed 
by outlying particle removal using erosion algorithm. For 
erosion all objects in image were kept, that were resistant to the 
specified number of erosions. Kept objects were rendered to the 
shape and size the same as before erosion agorithm. After 
particle removal algorithm, holes were filled. In the second step, 
in locations of the plant, velocity was estimated from two 
successive images using normalized cross correlation method.  
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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 Fig. 2: Measurement setup: 1) SEF, 2) rotating airflow screen 
with four holes, driven by electric motor, 3) electric motor 
variable drive, 4) PC, 6) ficus plant, 7) high speed camera. 

5. Results 

Results show leaves displacements during spraying, influence of 
periodic excitation, influence of spraying distance and influence 
of frequency of periodic excitation on SEF performance. Leaves 
displacements are shown in Fig. 3 as a RMS value. 

Fig. 3: RMS value of leaves displacements at distance 0.4m, 
left: without excitation, right: with excitation, screen rotational 
frequency is 1 /s. 

Influence of periodic excitation is shown in Fig. 4. Fig. 4 left 
shows behaviour of plant without periodic excitation and Fig. 4 
right with periodic excitation. Case with periodic excitations 
relates to the case with rotating screen and case without periodic 
excitations relates to case without rotating screen, that is 
continuous operation of SEF. 



111

Without periodic excitation amplitudes of leaves displacements 
are low. With excitation, peaks of plant oscillations are around 
10x higher and located at narrow frequencies bands. Two SEF 
with exitation produce more peaks of fluctuations. 

Influence of spraying distance for the case with excitation is 
shown in Fig. 4 right (0.4 m) and Fig. 5 left (0.6 m). Intensity of 
leaves fluctuations is reduced for about 2x. 

Fig. 4: Spectra of plant leaves displacements at distance 0.4 m, 
left: without excitation, right: with excitation, screen rotational 
frequency is 1 /s. 

Fig. 5: Spectra of influence of distance and rotation speed on 
leaves displacements, left: screen rotation 1/s, right: screen 
rotation 0.6 /s.  

To study influence of frequency of airflow fluctuations on 
leaves fluctuations, we varied rotational speed of the screen. 

electronics. The SEF provides narrow spray angle around 30° 

with counter rotating rotors.  

Fig. 1. Close range precision spraying end effector (SEF). Left: 
back view of the model, middle: front view of the model and 

right: manufactured SEF with control box. 

4. Measurement setup 

Measurements of plant/airflow interaction were performed 
according to setup shown in Fig. 2. One or two SEF were used 
with or without rotating airflow screenbto introduce periodic 
fluctuations. We used a ficus pot plant with height 70 cm. 

Plant movements were recorded by a fast camera and later 
analyzed by image analysis algorithm. The camera used for 
image acquisition was B&W FASTEC HISPEC 4. Camera 
operated at resolution 640x600 pixel, 200 Hz frame rate and 
exposure time 50-600 s, number of images acquired was 5000. 
Nikkor 50 mm F1:1.2 lens was used. Illumination was provided 
by eight LED lights CREE XM-L T5. Image analysis was 
performed on recorded images to measure displacements and 
velocities of leaves. First multi-parameter detection of plant was 
performed to separate plant from the background. Edge 
detection was performed using Sobel filtering method followed 
by outlying particle removal using erosion algorithm. For 
erosion all objects in image were kept, that were resistant to the 
specified number of erosions. Kept objects were rendered to the 
shape and size the same as before erosion agorithm. After 
particle removal algorithm, holes were filled. In the second step, 
in locations of the plant, velocity was estimated from two 
successive images using normalized cross correlation method.  
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Influence of frequency of airflow fluctuations is shown in Fig. 5. 
Reduction of screen rotational speed causes frequency of leaves 
fluctuations to shift to lower frequencies. 

6. Conclusions 

We present close range precision spraying with SEF. For 
experiment, a spraying end effector was build and equipped with 
rotating airflow screen, which induced discrete frequency peaks 
of velocity fluctuations. Measurement of displacement of leaves 
in the airflow have shown that leaves fluctuate with discrete 
frequencies. For actual spraying application, the rotating airflow 
screen should be replaced with more compact device. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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may depend on the proportion of the field mapped. How much 
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Abstract:  
Robotics and automation (R&A) in agriculture and, particularly, 
in high profit crops, mainly consist in ad-hoc machines able to 
perform one specific operation (sowing, transplanting etc.) 
obtaining high performances in terms of speed and work 
accuracy. 
However, in some specific contexts such as e.g. greenhouse 
productions, available tools are not sufficient to fulfil the 
demand of specialized machines where there is still a strong 
need of high level of automation machines that could move and 
operate autonomously in the production site. To cope with this 
request, recent researches are devoted to the development of 
autonomous robots modules able to perform a number of 
different tasks. In particular, autonomous robots could be 
adopted for localized high precision chemical applications, as 
well as to perform other operations such as products handling, 
mechanical weed control, precision fertilization and cutting. 
Aim of this paper is to discuss, also on the base of the recent 
results appeared in literature, future trends and application of 
robotics in protected crops.  
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1. Introduction
Robotics and automation are widely diffused in many industrial 
and production sectors. At present, agriculture has been only 
partially involved in this process. The reasons of the delay in the 
technological transfer of R&A towards agriculture and, in 
particular, protected crops have been thoroughly analyzed in 
Kassler (2001) and Belforte et al. (2006).  
Despite that, many researches have been conducted to develop 
reliable technologies, based on ICT, R&A, artificial vision and 
intelligence, and prototypes for agricultural applications. More 
than twenty years have been passed since the publication of the 
first results and until now many hundreds of papers have been 
published. Different approaches and prototypes typologies have 
been presented and some of them have been successively 
revised and improved.  
Scope of this paper is to outline a general framework of the state 
of the art and to summarize those solutions that turn out to be 
the most promising. In particular, this study has been focused on 
robots and high-level of automation machines that can 
autonomously perform operations on crops. The general features 
of prototypes and robotics systems proposed in this analysis 
have been grouped according to four main headings: the 
operative environment (greenhouse or open field), the typology 
of the solution (autonomous robots, guided navigation robotic 
platforms, fixed point cells and tractor implements), the 
performed operation on the crop, the navigation and control 
strategies.  
 
2. Operative environment 
R&A solutions can be firstly classified considering the operative 
destination of the machine, i.e. if the applications are in open 
field or in protected crops, mainly in greenhouses. Although 
many operations are performed in both environments, some 
important factors influence the design strategies and the 
reliability of the machines, in particular for what concerns the 
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displacement of the robot or, in the advanced applications, the 
autonomous navigation.  

Most part of research contributions is for the open field, with 
particular emphasis to automatic guided machines. Open field is 
strongly unstructured, without fixed reference points, subject to 
variable climate and, often, presents severe conditions 
(humidity, powder…) for robots. The navigation on tilled soil 
requires power for the traction. For this reason this kind of 
machines are heavier than the same for greenhouses of 
nurseries. In this context, many studies concern robotic weeding 
in organic farming, where the employment of herbicides is not 
allowed (see e.g. Sørensen et al. 2005). Greenhouses have a 
higher predisposition to the introduction of robotic systems than 
the open field, for a number of technical and economical reasons 
(Belforte et al., 2006; Belforte et al., 2007; Sandini et al. 1990). 
Crops are intensively cultivated following regular schemes, in 
the presence of infrastructures, on regular surfaces and taking 
advantage of facilities (power supply, irrigation plants, 
pressured air…). In addition, greenhouses are typically equipped 
by climate, lighting and irrigation control systems that make 
environment condition more controlled than in open field. 
Finally, the intensive production of high value crops justifies the 
investments needed for the introduction of new technologies. 
 

3. Structure of the machine 
A first classification within this heading can be made between 
stand-alone robotic platforms (fixed or mobile) and tractor 
implement. In the latter case, studies concern the development 
of “intelligent” implements as, for example, the automatic 
driving of steerage hoes for mechanical inter-row weed control 
(Tillet et al., 2002; Tillet and Hague, 1999), or different intra-
row weeding implements (Nørremark et al., 2008; Tillet et al. 
2008; Blasco et al., 2002). Other kind of automated implements 
can be found in Bulanon and Katoaka (2010), and in Leemans 
and Destain (2007) where robotic harvesting of apples and 
precision seed drill guidance are presented, respectively. 
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Among robotic platforms, many studies were focused on mobile 
autonomous vehicles able to follow crop rows. Most of them 
have been conceived to operate in open field for weeding or 
distribution of chemicals on crops. Only few examples have 
been specifically developed for greenhouse applications (Balloni 
et al., 2008; Sandini et al., 1990). With regard to the motion 
system, wheels have been preferred to tracks, which have been 
employed only in Chatzimichali et al. (2009), Belloni et al. 
(2008) and Hayashi et al (2009). Although a better traction and a 
less soil compaction, tracks suffer steering operations in narrow 
spaces (Bakker et al., 2010). Four driving and steering wheels 
give a high manoeuvrability to the vehicles both along crops 
rows and in headlands respect to other solutions, thus this 
travelling gear is adopted in more recent autonomous robots 
(Bakker et al., 2010; Comba et al., 2012a and 2012b; Sørensen 
et al., 2010 and 2007; Slaughter et al., 2008; Bak and Jakobsen, 
2004). 
Robotic cells that operate at fixed point or that are moved by a 
fixed navigation system (e.g. rails on the ground or monorail 
suspended from the ceiling) are typically employed in 
greenhouses. In the first case the product is provided to robotic 
station by conveyor belts or mobile benches (Rath and 
Kawollek, 2009; Belforte et al., 2006; Cho et al, 2002; Reed et 
al., 2001; Ryu et al, 2001), whereas in the second case the 
robotic cell moves on fixed path along crops rows. Rails are the 
most frequent solution to displace robotic stations through the 
greenhouse. They can be installed on floor (Hayashi et al. 2009; 
Tanigaki et al, 2008), exploiting greenhouse structures as 
proposed by Belforte et al. (2007) or existing facilities (e.g. 
exploiting heating plant pipes as in Van Henten et al., 2003 and 
2007).  

Fixed point and fixed navigation systems avoid the autonomous 
navigation, which is technically quite complex, reducing costs 
and assigning all hardware and software resources to crop 
operations (Belforte et al., 2007). A number of high throughout 
fixed-point machine are already available on the market for 
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seeding, potting and transplanting in plant nurseries (see e.g. 
Urbinati, 2010). 

 
4. Operations on crops  
Weed control is the most studied operation that could be 
performed by agricultural robots. Robotic weeding is considered 
a valid solution to reduce the employment of herbicides in the 
next future, improving the sustainability of the agriculture 
(Slaughter et. al, 2008; Griepentrog et al., 2004). 
A first solution to reduce the usage of herbicides is the precision 
spraying. This technique consists in the application of herbicides 
only in regions of the field in which a weed emergence occurs. 
Product distribution is typically performed using spraying bars 
equipped with valves driven by an artificial vision system, 
which identifies weed emergencies (Slaughter et. al, 2008). In 
some case the spraying operation is very precise, reaching the 
single leaf or the stem of the weed (Jeon and Tian, 2009; 
Søgaard and Lund, 2007). 

More studies have been focused on physical weed control. Inter-
row weeding can be improved introducing automation for 
driving conventional steerage hoes with an artificial vision 
system (Tillet et al., 2002; Tillet and Hague, 1999). Regarding 
to physical intra-row weed control numerous autonomous robots 
were developed. Besides the autonomous navigation along crops 
rows, the control unit of these robots have to identify and 
separate crops and weeds in order to remove each weed seedling 
with by a specific tool. Some examples of implementation of 
this kind of mechanical actuators for intra-row weeding are in 
Bakker et al. (2010), Sørensen et al. (2007), Åstrand and 
Baerveldt (2002), Lamm et al. (2002). Peruzzi et al. (2012) 
proposed a precise mechanical and thermal treatment that 
removes weeds from the inter-row crop space and applies in-row 
selective and precision flaming by means of two crossed LPG 
rod burners. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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For the inactivation of the weed, Lee et al. (1999) proposed the 
employment of an air pressure jet, whereas Blasco et al. (2002) 
applied an electrical discharge. Jeon and Tian  (2009) developed 
a direct chemical application end effector that cuts the stem of 
weeds and wipes chemical on its cut surface, promoting the 
penetration via the vascular tissue. 

Distribution of chemicals for diseases control is a further 
important item in agriculture, in particular in protected crops, 
where the climatic conditions and the intensive practice impose 
several treatment cycles. In this case the main challenge is to 
avoid the presence human operators inside greenhouses during 
treatments using autonomous vehicles (Balloni et al., 2008; 
Mandow  et al. 1996; Sandini et al., 1990) or fixed robotic cell 
in the case of pot crops (Belforte et al., 2006 and 2007). Robotic 
systems can also perform a precise application of chemicals 
reducing product leakages with significant economical and 
environmental advantages. In this case, an automatic crop 
recognition system is required (Belforte et al., 2006 and 2007; 
Tillet et al. 1998, Sandini et al., 1990).  

Several studies have also been dedicated to the harvest or fruit, 
vegetables and flowers with the aim to reduce the labour 
requirement, especially when this operation is exclusively 
manually performed. Excluding a mobile robot for asparagus 
harvesting in open field proposed by Chatzimichali et al. (2009), 
two tractor implements developed by Bulanon and Kataoka 
(2010) and Peterson et al. (1999) for apples (De-An et al, 2011) 
and the oranges harvesting proposed by Muscato et al. (2005), 
harvesting robots developed so far have conceived to operate in 
greenhouse with highly structured growing schemes (Kondo et 
al. 1996 and 1999) adopting fixed point (Rath and Kawollek, 
2009; Cho et al., 2002; Reed et al., 2002) or fixed navigation 
platforms (Hayashi et al. 2009; Tanigaki et al, 2008; Van 
Henten et al., 2003). Harvest is the most difficult crop operation 
since involves the direct interaction of the robot with extremely 
delicate targets (Hayashi et al. 2011). For this reason particular 
tools have been developed in order to manipulate the objects 
avoiding damaging them. Usually, these end-effectors consist of 
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two parts: a gripping mechanism, often in combination with a 
suction device, and a peduncle-cutting system that in most cases 
are a sort of shears, whereas Van Henten et al. (2003) propose a 
thermal cutting device for cucumber harvesting. 

A feature that I consider fundamental is the ability to host 
different tools carrying out a number of tasks. It has to be noted 
that most agricultural robots are able to perform only a single 
specific operation. Belforte et al. (2006 and 2007) and Van 
Henten et al. (2003 and 2007) presented their prototypes as 
multipurpose robots. In the first case two different fixed-point 
robotic cells were equipped with a set of tools (precision 
spraying, precise grain fertilization, pot handling, mechanical 
weed control) operating on pot crops, whereas cucumber 
harvesting and de-leafing were performed in the second one. 

 
5. Path planning and guidance control strategies 
Core technologies for agricultural robots implemented as 
autonomous vehicles are the localization and guidance systems. 
Among the number of guidance-sensing technologies 
investigated in last decades two type of sensors have achieved a 
commercial maturity: Global Position System (GPS) and 
machine vision (see e.g. Slaughter et al. 2008). These 
technologies were employed alone or together to increase the 
accuracy. The operating environment typically conditions the 
choice between the different systems. The employment of GPS 
based navigation systems is not recommended in protected 
crops, in particular in glasshouses, where the presence of 
metallic structures strongly attenuates the satellite signals. As an 
example, Søgaard and Lund (2007) developed an autonomous 
robot able to operate both in field and indoor, but GPS is 
activated only outdoor. In many cases, Dead Reckoning 
technique, i.e. the process of updating the current position using 
known or estimated speeds over elapsed time, is used to enhance 
GPS precision, especially in the case of short-time signal loss 
(Nagasaka, 2004). On the contrary, the performances and the 
robustness of machine vision based systems strongly depend on 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

light conditions (Slaughter et al., 2008), therefore particular row 
tracking algorithms have to be developed in particular for open 
field. To cope with this problem, some robots have been 
designed to work during the night, under artificial light 
conditions. Information provided by GPS and/or artificial vision 
were integrated with other sensors such as encoders installed on 
traction and steering system, electronic compass and 
accelerometers. Ultrasonic sensors were also considered to assist 
the autonomous guidance as proposed in Cho and Lee (2000), 
Harper and McKerrow (2001), and Mandow et al. (1996). In 
most cases these sensors are used to measure the lateral distance 
from crops and/or benches, allowing the machine to maintain a 
straight path (Hague et al, 2000). Comba et al (2012) proposed a 
navigation system, to be used in pot crop nurseries, which uses 
fixed ground references, such as ribbons, lied in the middle of 
the inter-rows. Among the different kinds of sensors that were 
tested (optical infrared, capacitive and inductive), the best 
performances were achieved employing proportional inductive 
sensors coupled with a metallic ribbon. This solution allows the 
farmer to plan the path in a very simple way, fixing the ribbon 
on the ground. At the same time the working area of the robot is 
known and bounded, which is an important issue for the safety 
of the operators.  

With regard to control of tools, machine vision is widely 
employed since the spatial position of the operations targets 
(crops, weeds or parts of them) is generally unknown. When the 
contact with the target is foreseen, such as precision spraying, 
the same vision system adopted for autonomous navigation 
could be exploited (Tillet et al. 1998). Otherwise, for example in 
the case of GPS based mobile robots or robotic cells, tools are 
controlled by a proper artificial vision system. Many researches 
were focused on the development of algorithms able to separate 
the objects in different classes (crop, background, weed…). 
Even in this case, light conditions variability affects the artificial 
vision system performances, thus some authors adopted 
illumination systems, in combination with shields, in order to 
acquire images in standard light conditions. Åstrand and 
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Baerveldt (2002) and Lee et al. (1999) apply this technique for 
robotic weeding in open field. 

Harvest needs more complex artificial vision systems, usually 
based on stereovision, because objects (fruits, vegetables or 
flowers) have to be identified and located in a three-dimensional 
space.  

 
5. Conclusions and perspectives 
The introduction and diffusion of robotics systems will represent 
an important opportunity for agriculture in next future. The 
employment of robotic systems will improve sustainability and 
work safety in many agricultural sectors as well as a consistent 
production costs reduction. Distribution of chemicals by means 
autonomous robots would avoid the presence of human operator 
during treatments in particular in greenhouses where this 
operation is still manually performed. At the same time, a 
significant reduction of pollutants can be obtained with precise 
application of pesticides. Environmental friendly practises as 
physical weed control would became economically feasible with 
consistent costs depletion in particular in organic farming 
(Sørensen et al, 2005; Griepentrog et al., 2004). Pedersen et al. 
(2006) demonstrate the economical feasibility of applying 
autonomous robotic vehicles, compared to conventional 
systems, in micro-spray robotic weeding, crop scouting and 
grass cutting in golf courses. However some technical and 
economical challenges will have to be faced in next years to 
achieve a real diffusion of robotics in agricultural practices and 
its consequent benefits. The high costs and reliability of 
guidance systems as well as the small throughput are still an 
obstacle that increase the cost of robotic systems (Pedersen et 
al., 2006). Detection and identification of crops and/or weeds 
under a wide range conditions common to agricultural scenarios 
remains another important challenge (Slaughter et al., 2008). 
In the author opinion there are some interesting perspectives in 
R&A for agriculture. First of all, the development of light 
robots, that could perform simple operations, using the simplest 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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possible technologies, without the presence of human operators. 
This kind of machines could be primarily devoted to spraying 
operations, but could also be used in other repetitive simple 
tasks. To reduce costs and complexity, these robots could be 
designed to use fixed references (laser pointers, straight 
magnetic or optical line etc.) for the navigation, favouring 
greenhouse applications. Furthermore, research efforts should be 
addressed to develop more flexible robots in terms of row 
distance and parcel size as well as of ability to host different 
tools. In this way the same robotic platform (fixed or mobile) 
could perform many operations on different crops, optimizing 
the costs. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: The basis to perform any agricultural task by robots is 
to planning and following paths or trajectories inside the crops. 
This research aims to developed and implemented algorithms 
for following and planning (global and local) trajectories fo
agricultural robots. The global planning was performed using 
the A * algorithm applied over crop maps and the local planning 
was performed using A* applied over a 2D map obtained from 
3D images of the obstacles present on the way. Trajectory 
following, was done by implementing a numerical 
approximation of the trajectory by Euler's method. The 
parameters for the dynamics of the robot trajectory’s controller 
were obtained by genetic algorithms. The 3D map was 
generated from the Microsoft Kinect sensor, and 
processed by Matlab 2010b. Preliminary results show that these 
algorithms can be implemented in small robots designed to be 
used in crop rows. Thereby providing a robust methodology to 
following assigned paths with errors less than RMSE= 0.1 m in 
trajectories of 30 m. 

1. Introduction  
Mobile robots needs to have a complete understanding
terrain and features around it if it is to be able to
complex environments safely 
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Path Planning, tracking, mobile robot. 

The basis to perform any agricultural task by robots is 
to planning and following paths or trajectories inside the crops. 
This research aims to developed and implemented algorithms 
for following and planning (global and local) trajectories for 
agricultural robots. The global planning was performed using 
the A * algorithm applied over crop maps and the local planning 
was performed using A* applied over a 2D map obtained from 
3D images of the obstacles present on the way. Trajectory 

as done by implementing a numerical 
approximation of the trajectory by Euler's method. The 
parameters for the dynamics of the robot trajectory’s controller 
were obtained by genetic algorithms. The 3D map was 
generated from the Microsoft Kinect sensor, and its data 
processed by Matlab 2010b. Preliminary results show that these 
algorithms can be implemented in small robots designed to be 
used in crop rows. Thereby providing a robust methodology to 
following assigned paths with errors less than RMSE= 0.1 m in 

needs to have a complete understanding of the 
terrain and features around it if it is to be able to navigate 
complex environments safely (Softman et al., 2006). Reason 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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why, is essential to give it a safe path to follow, as well as 
sensors to detect and avoid unexpected 
In this research, we propose a set of algorithms aimed to solve 
the weeds control in row crops. In specific, we will address the 
path planning and following, soft curves generation to 
approximate these trajectories and 

2. Materials and methods  
As described in Correa and Vasquez
methodology in three sections: a
Trajectory smoothing. c) Trajectory Controller. 
2.1. Path Planning with A* 
In the proposed scenario, the robot must go from its current 
position to the nearest weeds point
connect these two points will be performed. 
called Global Planning and is performed by A* algorithm
Also, when the robot finds an obstacle a new p
performed. This planning is called Local Planning
2.1.1 Global planning 
Assume that, the crop is divided into a grid and also that the 
robot is smaller than a square of this grid. 
cell in the grid: free, occupied by obstacles and occupied by 
weeds. A* is responsible of finding 
the current position and the nearest weed point.

Once the robot removes the weeds on the site, performs 
the planning operation to reach the nearest 

In Fig. 1a shows in red dots, the robot trajectory from its in
location to the closest weed's point. Then, takes this point as 
starting point and creates a new path, marked with black dots, to 
the next nearest weed's point. This is a cyclical process in which 
it moves from between weed's points.
2.1.2 Local planning 
When obstacles are detected by the Kinect sensor, 
resolution 2d grid is generated as show
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is essential to give it a safe path to follow, as well as 
unexpected obstacles. 

this research, we propose a set of algorithms aimed to solve 
ontrol in row crops. In specific, we will address the 

path planning and following, soft curves generation to 
and finally, obstacles avoidance. 

 
in Correa and Vasquez, (2012), we will divide the 

sections: a) Path Planning with A*. b) 
Trajectory Controller.  

In the proposed scenario, the robot must go from its current 
point. As a result, a planning to 

connect these two points will be performed. This planning is 
and is performed by A* algorithm. 

Also, when the robot finds an obstacle a new planning will be 
called Local Planning. 

Assume that, the crop is divided into a grid and also that the 
robot is smaller than a square of this grid. We have three kind of 

the grid: free, occupied by obstacles and occupied by 
A* is responsible of finding the shortest route between 

the current position and the nearest weed point. 

the weeds on the site, performs again 
operation to reach the nearest weeds point. 

shows in red dots, the robot trajectory from its initial 
location to the closest weed's point. Then, takes this point as 
starting point and creates a new path, marked with black dots, to 
the next nearest weed's point. This is a cyclical process in which 
it moves from between weed's points. 

detected by the Kinect sensor, a high-
as shows the Fig. 1b. Over this 
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grid, is performed a local planning by A*
and depicted in Correa and Vasquez

a)       b)   
Fig.1. a) Paths generated by 

avoid obstacles. c) Security o

2.2 Trajectory smoothing 

Once the global trajectory 
points are connected by Bezier curves implemented by Casteljau 
algorithm as described in Choi et al. (2008).

2.3 Trajectory Controller 

The trajectory controller proposed by 
used and its parameters K
in Correa and Vasquez, (2012)

3. Results and conclusions
Several simulations, in three different scenarios,
for different path with and without obstacles, and 
measured by RMSE. 
Scenario1. Showed in Fig
shortest path between the current robot position (coordinate [1.5, 
18.5]) and the nearest weeds

a local planning by A*, as shown in Fig. 1d 
and Vasquez, (2012). 

 
                 c)                      d) 

Fig.1. a) Paths generated by A*. b) Details of the global path to 
Security offset. d) Local path planning. 
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K optimized by genetic algorithm as 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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of 16 rows, spaced 2 m. This path 
in 162 ms by an Intel ® Core 2 Duo 1.6 GHz.
Scenario2. Depicted in Fig. 2b, a 
has 14 obstacles (Blue). The robot 
12.5] must reach the weeds on the coordinates [42.5, 4.5]. In this 
case, the trajectory (84.4 m) is successfully generated in 238 ms.

                 a) Path length: 30 m.         
Fig. 2. a) Scenario 1, path between 

(50x20m). b) Scenario 2, path between simulated
Scenario3. In the case of unexpected obstacles
in field obstacles (previously stored), were ran
shown in Fig. 2b. 

 
Fig. 3. Path for local obstacle avoidance and smoothing using 

cubic Bezier curves.     

3.1 Smoothing paths with Bezier curves.
smoothing process is depicted on
allows connecting points generated in the 

 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

20-21, 2012

path has 30 m and was performed 
Intel ® Core 2 Duo 1.6 GHz. 

, a plot of 11 rows spaced 3 m 
robot starts from the point [2.5, 
the coordinates [42.5, 4.5]. In this 

is successfully generated in 238 ms. 

 
       b) Path length: 84.4 m. 

path between simulated vines rows 
path between simulated obstacles. 

In the case of unexpected obstacles, a 3D images of 
obstacles (previously stored), were randomly added as 

  
Path for local obstacle avoidance and smoothing using 

    Offset of the obstacle. 

Smoothing paths with Bezier curves. An example of the 
smoothing process is depicted on Fig. 4. This path is smooth and 

points generated in the Scenario 1 in 340 ms. 



149

 
Fig.4. Smooth path using cubic Bezier curves, from Scenario 1. 

3.2 Trajectory controller.  
The Fig. 5a, shows the controller performance following the 
path (from the scenario 1) at desired speeds (0.2 m s-1), using 
non-optimized controller parameters. The RMSE, is 0.54 m in 
this path of 30 m. However, the speed oscillated around 0.4 m s-

1, which is greater than 0.2 m s-1 of speed imposed as reference. 
Note that the robot doesn’t reach its goal, and has many 
oscillations around the path.  

Furthermore, when using optimal parameters, founded by 
Genetic Algorithm, the robot reaches its destination with a 
RMSE=0.15 m, and a maximum oscillations of 0.16 m, which 
guarantee a secure navigation. 

     
Fig. 5. Path following using controller parameters. a) K  and Ku 

suboptimal. b) K  and Ku optimal. 

Additionally, the controller's performance is closely tied to the 
parameters K  and Ku. For our analysis the values selected are 
those that minimize the RMSE.  
The behavior of our frameworks on different scenarios, to finds 
paths and generate trajectories is robust enough. Because, if a 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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path to the goal exists, it guarantees to find an optima
also, is efficient in terms of computation times. 
The well proven A* algorithm, 
generating both local and global 
in terms of run times (<300 ms, for
suitable to be used on agricultural robots
Local obstacles avoidance based on 
objects detection, even if they are
detect objects larger than 3 cm). 
In addition, local obstacle avoidance is a reliable 
Because, while the robot has room 
algorithm, will find the lowest cost 
tend to be closed curves, so it’s 
robot’s speed (0.1 m s-1) in order to
trajectories and prevent collisions in 
Finally, we think the greatest contrib
the integration of several techniques
tracking, controller optimization and obstacle avoidance using 
3D vision. Integration that, ensure 
navigation in agricultural environment
techniques such as A*, with new tools as 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: This paper presents the yaw rate control of an 
autonomous tractor. Since the autonomous tractor is generally 
working on various types of fields and there are many time-
varying  parameters in the dynamics of the system, a control 
algorithm (an MPC in this case) which is able to optimize itself 
online is welcome. Another reason why an MPC controller is 
used in this study is its capability of operating without expert 
intervention for long periods. Since the MPC has prediction 
capability, it gives more satisfactory performance when 
compared to a conventional PID controller. The experimental 
results show the accuracy and efficiency of the proposed control 
scheme. 

1. Introduction  

Food consumption is increasing dramatically all over the world, 
unlike the arable area is limited and also decreasing due to the 
climate change. For this reason, the agricultural productivity 
becomes a very popular issue in engineering field. Even the 
productivity per hectare has increased due the fact that the 
capacity of the machinery has expanded, the cost of the 
manpower became an economic pressure. One possible solution 
is automation of agricultural machineries to improve the 
efficiency and productivity of various field operations and 
reduce the cost. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Model predictive control (MPC) approach, which is used in 
industry since the 1980s, is a common predictive control 
method. The aim of MPC approach is to minimize a 
performance criterion with respect to constraints of a system's 
inputs and outputs. There are many implementations of MPC in 
literature. For example, a non-linear model predictive control 
(NMPC) is proposed to get more accurate lateral position of a 
trailer system in (Backman et al., 2012). The lateral position 
error of the trailer is obtained less than 10 cm in straight paths in 
real-time. Another NMPC algorithm with non-linear set 
membership identification methodology is proposed for vehicle 
yaw control in (Canale et al., 2011). It is observed that the 
control structure has better closed-loop robustness than classic 
approaches. A disturbance compensating MPC algorithm has 
been applied to ship heading control (Li and Sun 2012). The 
result of this study has showed that the proposed algorithm has 
the ability of eliminating the steady-state error. 

In this paper, the yaw dynamics is given considering various 
types of soil conditions. Linear model is used to calculate the 
lateral forces on the tires. The relaxation length is defined to 
obtain more precise side-slip angles. After giving the dynamic 
model, an MPC with integral action approach is used to control 
the system in real-time experiments in order to handle steady-
state error due to mismatch model problem and uncertainties. 

2. Materials and methods 

2.1 Vehicle yaw dynamics 
The tractor is driven on the field with a constant longitudinal 
velocity as required in automatic guidance of agricultural 
vehicles. Therefore, longitudinal slips happen only while the 
system is arriving the desired constant velocity and stopping. 
Consequently, the traction forces can be neglected and  will be 
equal to zero. As a result, equations of motion are written as 
follows: 
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, , , , ,  and  
are the mass of the tractor, the moment of inertia of the tractor 
around the vertical axis, the longitudinal and lateral velocities of 
the center of the gravity of the tractor, the yaw rate of the center 
of the gravity of the tractor, the distance between the front axle 
and the center of the gravity of the tractor, the distance between 
the rear axle and the center of the gravity of the tractor, the 
traction forces on the front and the rear wheels of the tractor, the 
lateral forces on the front and the rear wheels of the tractor, the 
cornering stiffness of the front and rear wheels of the tractor, the 
side slip angles of the front and rear wheels of the tractor, 
respectively. The velocities, sideslip angles and forces at 
different locations of an autonomous tractor are also presented 
in Fig. 1.  

 

Fig. 1. Dynamics bicycle model for a tractor-implement system: 
velocities, side slip angles and forces at different locations of the 
system.                                 

2.2 MPC with integral action 

MPC formulation is extended to include integral action. This is 
important to eliminate the steady state offset in the process 
outputs resulting from step disturbances and to compensate for 
the model mismatch between the MPC controller model and the 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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plant model. To formulate MPC with integral action (MPC-I), 
the integrator state is written as follows: 

                                                          (2) 

where  is the integrator state. The augmented system model can 
be written after combination of system model and integrator as 
follows: 

 
                                               (3) 

where .                                                                  

The control law  can be written by using above state-
space representation as follows: 

                                                        (5) 

where  is an integral gain. 
The cost function to include a penalty on the integrator state in 
its general form is written to ensure stability and performance as 
follows: 

                     (6) 

where  is the state of an augmented system that consists of the 
system state and integrator state and  is positive-definite 
weighting matrix as following: 

                                                                           (7) 

3. Experimental results 
For the steering control the existing power steering unit has been 
replaced by a electro-hydraulic valve. The voltage and the rate 
of the steering angle became the input and the output for the 
steering system, respectively. An EH-valve from Sauer Danfoss 
with a flow of 12 liter/min has been installed. The valve 
characteristics are highly nonlinear and include a saturation and 
a dead-band region. For this reason, data were taken to identify 
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the steady state characteristics of the steering valve. 
Identification of the steady state slew rate versus input voltage 
has been used to invert the nonlinear characteristics of the 
steering valve. Once the steady state characteristic of the 
steering actuator are known,  it is assumed that the valve 
nonlinearity is perfectly inverted. Consequently, the rate of the 
steering angle became the input of the steering mechanism. The 
autonomous tractor is shown in Fig. 2. The sampling period of 
the experiment is set to 0.05 s. 

 

Fig. 2. The autonomous tractor

Figure 3a shows the yaw rate response of the autonomous 
tractor with MPC-I controller. As can be seen, the MPC-I 
controller controls the yaw dynamics satisfactorily without any 
steady state error and overshoot. The system error is shown in 
Fig 3b.  

 
(a)                                                (b) 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

Fig. 3. The yaw rate response (a) and the error (b) of the 
autonomous tractor for MPC-I controller

When the results in this paper are compared, it can be concluded 
that MPC-I has better control capability of the yaw dynamics of 
the autonomous tractor.  

4. Conclusion 
In this study, control aspects of an autonomous tractor are 
investigated. The equations of motion are given and the state-
space formulation for the equation of dynamic model has been 
modified with respect to system's input and output. An MPC-I 
controller is designed for closed-loop control of the yaw rate of 
the autonomous tractor. The performance of the proposed 
mathematical model and control algorithm have been validated 
in real-time experiments. It is observed that the proposed MPC-I 
controller resulted in a better closed-loop behaviour when 
compared to conventional controllers.  
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: We propose the use of the “infotaxis” search strategy 
as the navigation system of a robotic platform, able to search 
and localize infectious foci by detecting the changes in the 
profile of volatile organic compounds emitted by an infected 
plant. We builded a simple and cost effective robot platform that 
substitutes odour sensors in favour of light sensors and study 
their robustness and performance under non ideal conditions 
such as the existence of obstacles due to land topology or weeds. 

1. Introduction 
Plant diseases represent a major economic and environmental 
problem in agriculture and forestry. Upon infection, a plant 
develops symptoms that affect different parts of the plant 
causing a significant agronomic impact. As many such diseases 
spread in time over the whole crop, a system for early disease 
detection can aid to mitigate the losses produced by the plant 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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diseases and can further prevent their spread (Sankaran et al., 
2010). Moreover, plant diseases are commonly mitigated by the 
generalized use of chemical pesticides applied over the whole 
crop, leading to ground and water pollution. Successful 
techniques for the detection of plant diseases must be fast, 
reliable, preferentially specific to a particular disease, cost-
effective, and sensitive enough for their application at the early 
onset of the disease symptoms (Lopez et al., 2003).  

Current approaches for the detection of plant diseases are divide 
in two groups, one involving the spectroscopic and imaging 
techniques and another based on the application of Volatile 
Organic Compounds (VOC) as possible biomarkers of the 
presence of disease (Zhan et al., 2010). Here we propose an 
automated non-destructive methodology based on chemosensing 
microtechnology and mathematical search algorithms to localize 
the position of infectious foci by detecting the changes in the 
profile of VOC characteristic of an infected plant. 

Odour localization is a major challenge in robotics, mainly 
because odour plumes consists of turbulent non-uniform patches 
dispersed by the wind, and several synthetic mathematical 
algorithms of odour localization have been proposed (Kowadlo 
& Russell, 2008). We propose the infotaxis search algorithm as 
the navigation system of  a robotic platform. Infotaxis 
(Vergassola et al., 2007. The use of infotaxis has been recently 
studied as a navigation system for robots in (Moraud et al., 
2010) using temperature sensors and in (Garcia Ramirez et al., 
2011) using electronic noses in a controlled environment. Here 
instead, we propose to avoid the current technical limitations 
involved in chemical sensing by using optical sensors. We show 
that, with tools commonly available in any university, a robot 
platform can be constructed and used to evaluate the robustness 
of search algorithms under no ideal (laboratory) conditions. 

2. Materials and methods 
We have designed and built a minimal robot platform to study 
the performance and robustness of search algorithms under 
realistic environments. 
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Fig. 1. Minimal design of the robot platform. The vertical line 
indicates the alignment of the light sensor with axis of rotation. 

2.1 Minimal robotic design 

A mobile robot was designed using the hardware set of NXT 
LEGO (http://mindstorms.lego.com/). The robot design, 
consisted in two servo motors each controlling one wheel. Both 
wheels were axially aligned and a third fixed mechanical 
support was placed on the back of the platform. The robot was 
equipped with one single light sensor pointing upwards. The 
motors and data acquisition was controlled by one inline NXT 
micro-computer, programmed in java for LEGO Mindstorms 
(http://lejos.sourceforge.net/) using the Eclipse IDE.

2.2 Infotaxis algorithm 

The infotaxis strategy (Vergassola et al., 2007) assumes that the 
information comprises molecules that are emitted by the source 
at a rate , and are transported by turbulent air flow, 
characterized by a mean wind velocity V and diffusion 
coefficient D. The searcher is assumed to know at any instant of 
time t and position r the expected probability to make a 
detection R(r|ro), given that the source is in the position ro. The 
infotactic searcher starts exploring the space and collects 
information in terms of the detections or no detections of 
molecules. Using this information and Bayesian inference, it 
reconstructs the posterior probability, called belief function, 
Pt(ro) of the unknown position of the source. Finally, the 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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searcher chooses its next position as that at which the decrease 
of Von Neumann entropy S is highest, thus maximizing the gain 
of information at every move. 
2.3 Infotaxis as navigation system 

To implement the infotaxis algorithm as the robot navigation 
system we assume that the robot sensors are capable of 
measuring a finite number k of detections. For simplicity, we 
assume as well that the robot can only move in four different 
directions (forward, backward, right or left) with a fixed step 
length , or stands still. This is schematically exemplified in 
Fig. 2. When the robot is at position r at time t, infotaxis 
reconstruct the belief function (shown as contour curves in Fig. 
2), with associated entropy S. The algorithm then determines the 
next movement of the robot as that for which the decrease in 
entropy S is maximal. The robustness of the search is ensured 
by the exponential decay observed in the distribution of search 
times. For a discussion of robustness in search strategies we 
refer the reader (Mejia-Monasterio et al., 2011). 

Fig. 2. Schematic representation of the steps involved in the 
infotaxis algorithm. 
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3. Results and conclusions 

We simulate odour molecules as circular white light spots of 
radius  at a position that is chosen randomly according to the 
probability R(r|ro). The light spots are vertically projected with a 
commercial beamer on the ground, covering an area of 1.8 by 
2.2 meters in which the robot moves with its light sensor pointed 
upwards, and last for a time T. Several tests were performed to 
find optimal values for , T, and the speed v of the robot. The 
light sensor was then set to record data every 3 ms, with a 
detection threshold of 450 in absolute units. The number of 
detections  was obtained as the sensor response integrated 
during the motion of the robot. The infotaxis algorithm was 
programed in Fortran 90 language and compiled using the Intel 
Fortran compiler (http://software.intel.com/). The 
communication between the NXT processor and the infotaxis 
algorithm (running on a separate computer) was achieved via the 
exchange of text files. The NXT sends the number of detections 

 during its last movement and its direction. Infotaxis use  and 
the current position of the robot to compute the next movement 
and sends back two integers ={-90,0,90,180} and d={0, }, to 
the NXT. The robot rotates  degrees and move for a distance d. 

Fig. 3. Panels a and b show the success rate of the robot trials 
locating the target as a function of the density of obstacles n0, 
when it moves in a triangular and square lattice respectively. 

The right panel shows the density of lattice sites visited by the 
robot for a square lattice with obstacles. 

We have tested the robot trajectories through numerical 
simulations and studied the performance of infotaxis in the 
presence of obstacles placed randomly on square and triangular 
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lattices with density n0. The results in Fig. 3, show that the 
search on a triangular geometry is more robust. This is of special 
relevance since crops under triangular geometries has shown to 
be more effective in the production of biomass compared to the 
traditional furrow geometry (Morente et al. 2011). Our results 
show that infotaxis is a promising strategy for the location of 
infectious foci in crops. While the technology required to 
achieve this goal does not exist yet, this study paves the road for 
future developments and for the optimization of search 
strategies as a method for early stage control of plant diseases. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract:  
In this paper we describe on-going development of a generic 
software framework for development of agricultural and forestry 
robots. The goal is to provide generic high-level functionality 
and to encourage distributed and structured programming, thus 
leading to faster and simplified development of robots. Different 
aspects of the framework are described using different 
architecture views.  We show how these views complement each 
other in a way that supports development and description of 
robot software.  

1. Introduction 

Construction of software has become an increasingly complex 
and time-consuming part of robot development. In this paper, 
we present on-going development of a software framework for 
development of agricultural and forestry robots within the 
CROPS project (http://www.crops-robots.eu/). The goal is to 
provide generic high-level functionality and to encourage 
distributed and structured programming, thus leading to faster 
and simplified development. The framework will be used for the 
development of several robots with slightly different tasks, 
which means that it has to be general and possible to configure 
in several respects. The main contribution in the paper is the 
hybrid architecture of this framework. Different aspects of the 
framework are described using different architecture views.  We 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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show how these views complement each other in a way that 
supports development and description of the system.  

1.1 Background 
In the field of mobile robotics, several robot architectures have 
been proposed over the years. They all describe different 
approaches how to organize sensing, planning, motion, 
cognition, and control. Most architectures follow one of the 
classical paradigms Deliberative, Reactive, or Hybrid (Matari  
2002). In software engineering, the concept of architecture has 
been thoroughly investigated and developed. According to the 
definition in ISO/IEC/IEEE 42010 (International Organization 
for Standardization 2007), an architecture is the “fundamental 
concepts or properties of a system in its environment embodied 
in its elements, relationships, and in the principles of its design 
and evolution”. Depending on which elements and relationships 
we consider, different types of architecture views are described. 
The following architecture views are often used to describe 
software-intensive systems (Kruchten, 1995): Logical view, 
Development view, Process view and Physical view. Each one 
of these architecture views describes important and 
complementary aspects of a system.  

2. Materials and methods   
In this section, the architecture of the framework developed for 
robots within the CROPS project will be described with 
reference to the different views described in the previous 
section.  
2.1 Logical view 

Defines top-level functionality, general modules and their 
relationship. In our case, this is mostly described in the 
specification documents for the CROPS robots. According to 
these, the robots should be able to determine locations of ripe 
and healthy fruit in the vicinity of the robot, determine 
appropriate picking order, plan a route to individual fruits, move 
to a fruit, determine how to grip a fruit, grip a fruit, determine 
how to cut a fruit, cut a fruit, and finally bring a fruit to a basket. 
All this should be done is a safe manner both for humans 
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working close to the robot, and for fruits and plants. The same 
software framework should work for development of different 
robots for harvesting of apples, sweet pepper, and grapes. Based 
on this specification, the following generic functional modules 
are identified: Main control program: runs the main loop that 
detects fruits, plans and executes motion, gripping, and 
harvesting. Virtual sensors: abstractions of sensors that do not 
only measure the physical world, but also process results from 
one or several physical, or virtual, sensors. Planner: generates 
plans for picking order, grasp patterns, and possibly also motion 
planning. Arm and gripper control: provides an interface to the 
robot arm (Baur et al. 2012), gripper, and cutter. Error manager: 
detects and handles situations when things go wrong. Resource 
manager: lets the user tune and configure the system for a task 
(choice of sensors, algorithms, parameters etc.). Graphical user 
interface: allows a user to start, pause, stop, and inspect the 
robot. Fusion/Learning: creates and adapts virtual sensors. 
Performance monitor: checks the health of all modules and 
communication channels (for instance physical connections and 
data flows). 

2.2 Development and process view 

The development view describes the organization of software 
modules and how they communicate to fulfil non-functional 
requirements such as performance and availability. This 
description specifies programming and software development 
paradigms such as object orientation, component based 
approaches, and model driven design. The process view 
describes issues related to concurrency, distribution versus 
centralization, and communication modes (such as point-to-
point or publish-subscribe). In the CROPS project, most 
development is done using the ROS (Robot Operating System) 
environment (Quigley et al. 2009), with programming done in 
C++, which encourages object-oriented systems. ROS manages 
parallel execution of software modules (denoted nodes) and 
administrates Ethernet based communication between nodes. 
ROS also supports transparent physical relocation of nodes and 
contains other useful functionality. In our case, most aspects of 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

the development and process views are jointly described by a 
directed graph, with vertices representing ROS nodes, and links 
representing information flow (ROS message passing). 
2.3 Physical view 

This view describes placement of physical components and 
physical connections, and takes into account non-functional 
system requirements such as availability, reliability, 
performance, and scalability (Kruchten, 1995). In our case, this 
view is illustrated as a block diagram showing how laptops, 
sensors and actuators communicate through a standard Ethernet 
bus with possibility to connect also CAN based equipment. The 
hardware is used to implement the functionality described by the 
Logical view, and also the application specific functionality 
according to the specification documents. Thanks to the ROS 
environment, the physical location of software modules within 
the ROS domain is very flexible. This means that processor-
intensive computations, if necessary, can be moved to separate 
laptops without any changes in the programs.  
2.4 Robot architecture 

We further develop the architecture by specifying and designing 
how the different modules function and interact. This 
specification is affected by the design choices described in the 
Logical, Development, Process and Physical views. The result is 
a robot architecture that follows the hybrid paradigm.  
The planner component commonly found in hybrid architectures 
is replaced by a static state machine. This is viewed as a good 
solution for the CROPS robots, and for other robots when there 
is no need for planning in the sense of problem solving or 
finding novel solutions to new tasks. This is the case if the given 
task for the robot is well defined, and the behaviour of the robot 
can be described in, for instance, a flowchart.  

The proposed architecture also differs from the standard hybrid 
model in the way behaviours are defined and interact with the 
state machine/planner. Each state is typically associated with a 
behaviour. When the state machine moves to a new state, the 
corresponding behaviour is activated. Behaviours are 
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implemented as ROS nodes and execute independently of the 
state machine, such that the latter at each time step can decide to 
change state or stop execution. This is particularly important 
when implementing user interfaces and also error handling. 
 

 
Figure 1. Hybrid architecture for the developed framework.  

The Graphical user interface contains controls to start, pause, 
and stop the state machine. It also displays informative 
messages retrieved from the behaviours and other modules. A 
Virtual sensor is an abstraction of a regular sensor, and connects 
to one or several physical or virtual sensors. The Resource 
manager provides customization of the virtual sensors such that 
the system can be adapted to varying environmental conditions. 
At present, this kind of customization is done off-line and stored 
in configuration files that are read at system initialization.  
Errors are dealt with at two levels in the system. Some errors are 
both detected and dealt with locally where the problem appears. 
One example is if a node responsible for fruit localization is not 
able to find any fruit in the image. The node may deal with this 
by acquiring a new picture and trying again, moving the camera 
or platform, or calling for human assistance. Other errors are 
independent of the current state, and are preferable detected and 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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dealt with at system level, by the Performance monitor and the 
Error manager. One example is a camera that suddenly stops 
functioning. This may be detected by the Performance monitor 
and forwarded to Error manager, which then stops the state 
machine and prints an error message through the GUI.  
3. Results and conclusions  

We have presented results from on-going development of a 
software framework for agricultural robots. The architecture is 
described from several views; Logical, Development, Process, 
and Physical. This way of describing a system displays 
complementary information that is not easily given in a single 
architecture view. This supports decisions in the design phase 
and enables a more successful end result.  
 
The developed framework uses a state machine as replacement 
for the planner commonly found in other hybrid architectures. 
When applied to the development of a specific robot, the state 
machine is programmed to implement a flow diagram describing 
the top-level behaviour of the robot. The framework will be 
further developed and used when integrating work by the 
fourteen partners in the CROPS project. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Abstract: In this research, evaluation of field test of harvesting 
system for picking dates fruits based on robotic arm was 
investigated. The idea was to carry an industrial robotic arm by 
a hydraulic telescopic machine to reach the dates on the tree. 
The laboratory tests for determining the shear forces to cut date 
bunches was studied and it was ranged from 122 to 315 N based 
on the speed of shear and moisture content of the bunches. The 
bunch cutter unit was fixed on the robotic arm to work as one 
unit during harvesting. Field experiments were carried out, and 
the harvesting times were recorded until the completion of 
harvesting tree. The results showed that the developed system 
could complete the harvest of a palm tree having 5 bunches 
within 6 minutes with field efficiency of about 41%.  

 
1.Introduction 
Saudi Arabia has realized early the importance of dates as a 
national strategic product. It realized their nutritional and 
economic values in achieving food security. Thus, the Kingdom 
has promoted several programs to boast investment in the field 
of dates production and processing. The area planted with palm 
trees has augmented as a result.  The scientific research in 
Kingdom targeting palm trees and dates processing has shown a 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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growing concern towards enhancing the performance of 
agricultural equipment dealing with palm trees.  
It has been also keen on increasing the productivity, improving 
the quality, cutting down manpower and minimizing costs of 
production. Upgrading the efficiency of equipment can be 
fulfilled by means of remodelling in order to get the utmost 
outcome.  
Ibrahim et al. (2007) have pointed out that 45% of the total 
production cost is spent in dates harvesting. They also held out 
that this high cost is what made scientists think of mechanizing 
dates harvesting.  Manual harvesting of dates from selected 
bunches is an utterly expensive (Loghavi and Abounajmi, 2001). 
It is also a time-consuming process. Let aside that it requires 
skilled labour that receive high wages. Al-Janobi (1999) 
outlined that four elements should be present while designing 
future palm trees service devices: equilibrium, maneuverability, 
safety and economical costs. He again pointed out (Al-Janobi, 
2001) that almost all the existing palm trees services systems are 
concerned with only lifting the labourer to the bunch to carry out 
certain missions.  
Agriculture development cannot be maintained without the 
introduction of new machinery that backs up production 
(Blackmore et al., 2007). In this connection, robots seem to be a 
potential substitute to labour in so far harvesting process is 
concerned (Feng et al., 2008). Grift (2007) has underlined that in 
agriculture there is a growing incentive need to utilize the 
robotic technology to cut down manpower,  improve quality 
control of the products, and settle down the problematic issues 
related to seasonal crops harvest. Robot is a machine that can be 
programmed to carry out certain tasks. In spite of the spreading-
out of robots in many fields like industrial applications, its usage 
in the field of agriculture is still limited.  
Robotics can help extensively in this respect. The existing 
technologies pave the way to a lot more in the field of 
automation. It is predictable that they will be used on a large 
scale. The purpose of this research work was to evaluate under 
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field conditions a harvesting system for picking dates fruits 
based on robotic arm.   
 
2. Materials and Methods 
2.1Studying bunch position on a palm tree 
A field study was conducted around the time of complete 
growth of the bunch, (i.e.) the commencement of colorization. 
Attention was given to the choice palm trees of different ages 
ranging from 8 to 15 years. Common types of palm trees around 
Riyadh area in Saudi Arabia were elected, namely: Khoudary, 
Khalas, Sukkari and Nabout Seif. Fig. (1) shows the bunch 
positions on a palm tree that have been examined. These 
measures helped in determining the diameter for the operation of 
the robotic arm. The laboratory test for determining the shear 
forces to cut date bunches was studied and it was ranged from 
the 122 to 315 N based on the speed of shear and moisture 
content of the date branches.  

 
Fig. 1 .Bunche positions on a palm tree.  

 
2.2 Automated machine for hoisting the arm to the level of the 
palm tree 
A telescopic machine was selected. Its type is "caterpillar 
(TH62) Telehandlers.  It was selected due to its easy to hoist the 
robotic arm quickly and accurately to the harvesting spots 
without suffering any sort of imbalance. However, telescopic 
machines have proved useful in this respect as they enjoy lots of 
merits. One important advantage additional to equilibrium is 
high maneuverability. The robotic arm was fixed on an iron 
platform 90 35  1 cm (height, width, thickness). The bunch 
cutter unit was installed on the robotic arm. An AM100IC type 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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robotic arm, produced by FANUC Company was selected to be 
the main element in the harvesting unit. This arm functions in a 
diameter of 142 cm. It can rotate 360 degrees. It is capable of 
holing up to 5 kg. It contains 6 axis that enable it to revolve in 
directions X,Y and Z. 

 
2.2 F ield experiment and calculations 
The whole unit was called Mobile Robot Unit for Dates 
Harvesting (MRUDH). MRDDH was operated in the field to 
know its capability to reach dates and harvest them. The field 
experiment was conducted in Huraimla Governorate, Saudi 
Arabia which is located about 90 km to the north-east of Riyadh, 
the capital of Saudi Arabia. It lies 820 meter above sea-level. 
After calibrating and fixing the robotic arm and making sure that 
all control guards and connections are in place, the unit was 
moved to a palm tree. Levers then were operated to hoist the 
robotic arm in the direction of a bunch. The robotic arm was 
manipulated by a person on the ground by grace and means of a 
remote control and sensing unit. 
The different times while harvesting a palm tree by MRUDH 
were addressed. Each bunch was handled separately. An 
electronic balance was used to weigh the dropping dates onto 
the date collection unit.  

 
3. Results and conclusion 
At first, the Telehandlers was operated in the field to record 
boom up and boom down times without the robotic arm installed 
on it. The results indicated time was ranged between 4 s to 11 s. 
Table (1) indicates the field efficiency and the productivity of 
MRUDH system for harvesting a single palm tree that extends 
to 5.3 m and carry some bunches four of which were harvested. 
It was discovered that the field efficiency was low because the 
bunch harvesting time was higher when compared to other 
times. It was found out that productivity reached 261 kg of 
dates/hr. Performing a simple analysis, we found that the 
average time spent for harvesting a single palm tree is 343 s or 
about 6 minutes. If we assume that the average of date weight on 
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a single palm tree is 40 kg and that the daily average manual 
harvesting is 80 palm trees (10 hrs work scheme), then 8 palm 
trees can be harvested per hour. 

 

 
When we draw a comparison between this system and other 
methods that harvest one palm tree in 22 minutes according to 
(Shamsi, 1998) then it becomes apparent that the developed 
system was faster, more economical and more productive. 
Certain conclusions have been concluded from this study. They 
can be summed as follows: 
-The robotic arm was installed, calibrated and operated without 
obstacles or hindrances. Testing had proved that it could reach 
the bunch, surmount it and function properly and smoothly in all 
directions and around the bunches .No shaking has been noted 
that can seriously affect the precision performance of the 
system. 
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2.2 Automated machine for hoisting the arm to the level of the 
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(TH62) Telehandlers.  It was selected due to its easy to hoist the 
robotic arm quickly and accurately to the harvesting spots 
without suffering any sort of imbalance. However, telescopic 
machines have proved useful in this respect as they enjoy lots of 
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cutter unit was installed on the robotic arm. An AM100IC type 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: This paper presents a vision system based on an RGB 
filter for guiding purposes of mobile robots working in 
greenhouses. In particular, vision is used to detect a set of lasers 
installed in the greenhouse corridors marking a desired route. 
This guiding system can be easily adapted to other autonomous 
vehicles easily. Furthermore, it constitutes a low-cost solution 
compared to other guidance systems appeared in the literature. 
Physical experiments validating the proposed vision approach 
are shown. In this sense the main contribution of this work 
comes from a practical point of view rather than from a 
theoretical one.  

1. Introduction  

Autonomous vehicles working in greenhouses make possible to 
replace workers on tedious and dangerous tasks. In addition, 
they provide consistency and accuracy in tasks such as 
harvesting and spraying. This paper is related to the navigation 
problem of mobile robots operating in greenhouses. It 
constitutes an attractive research field, but a whole successful 
answer has not been found yet. Although there are some projects 
with promising results (Gonzalez et al., 2009; Mandow et al., 
1996; Sammons et al., 2005; van Henten et al., 2002), but they 
present some drawbacks mainly related to the localization 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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strategy (error growth effect of odometry based solutions, poor 
accuracy of beacons solutions, etc.). 

2. Materials and methods  
2.1. Inversos robot 

This paper is framed in a project which proposes, among others, 
the implementation of a multi-purpose automatic movement 
system inside the greenhouses, which can be used for various 
tasks such as phytosanitary treatments, transportation, 
collection, transport of workers, etc. In this context, we are 
presenting the Inversos vehicle (Fig. 1). It has a locomotion 
system composed of a double crown for the rotation and traction 
of the front and rear wheels, powered by electric motors (900 
[W]), and reaching a top speed of 1.5 [m/s]. Currently a spray 
system (400 [l] phytosanitary tank) and a scissor lift have been 
developed to be attached to the chassis. The vehicle incorporates 
a system based on PC-104 architecture for control purposes. The 
vehicle includes a switch that allows manual or autonomous 
control. 

2.2. Laser system  

On the front of the vehicle a structure with three dartboards has 
been installed (see Fig. 2), one on the front part and two on each 
side. On top of this structure there are three cameras pointing at 
every dartboard and are connected to the PC. The vehicle 
dartboards have a size enough to capture the incidence of the 
laser from any valid position of the vehicle within a greenhouse 
corridor. The dartboard has a front width of 0.19 [m], which is 
the difference between the corridor width and the vehicle width. 
A dark colour is needed for the dartboards and a matt material 
lining the entire interior of the structure (in this project black 
cardboard is used) in order to avoid reflections of the structure 
that would cause errors in detection. These dartboards will be hit 
by laser emitters.  

Tests were conducted in the greenhouse for checking the 
performance of different kind of laser emitters. Infrared lasers 
incidence was measured by various types of photodetectors with 
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no positive results in the greenhouse, but the results of red and 
green laser were positive. In fact, laser emitter requirements are: 
red laser since it has a lower cost; maximum output power 5mW 
because it is in balance between safety standards (UNE-EN 
60825-1/A-11) and the visibility at long distances; focal 
capacity adjustable to concentrate the beam for long distances 
properly. In this work the LTG model is used which has a 
wavelength of 650 [nm].  

2.3 Guiding approach 

The guiding system proposed for Inversos robot requires the 
installation of a lasers mesh in the greenhouse corridors. The 
laser-based guiding system architecture is shown in Fig. 3. The 
operator can select a desired route goal: minimum route between 
the origin and destination point of the vehicle, route through all 
the intermediates corridors and a manual route. Then the road 
management module plans the route, selects the set of laser 
emitters to be switched on. It activates only two lasers at each 
moment depending on the current robot position. This module 
communicates with a controller via a wireless link. Inversos 
greenhouse controller is an industrial communication module NI 
Compact FieldPoint which through a field bus turns on/off the 
laser emitters. The laser emits a beam of light along the 
longitudinal axis of each corridor of the greenhouse, so that the 
beam hits over the vehicle dartboards, tracing the path to follow. 
The vehicle follows the path traced by the laser emitters using a 
vision-based and pseudo-reactive navigation algorithm and three 
built-in cameras.  

The vision algorithm consists of a loop where at each iteration 
performs the processing of the acquired image from the front 
camera and an image of one of the two side cameras. The 
navigation control module sends the appropriate commands to 
the motion controller based on the detection of the laser: moves 
forward, forward but correcting the trajectory, or turn to a new 
corridor.  In order to obtain failure tolerance three conditions 
have been considered which stop the vehicle: emergency manual 
button, front collision (touch sensor or sonar), and no tracking 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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laser is detected (an obstacle or human worker obstructs the 
laser beam). 

2.4. Vision system 

The goal of the vision system is to determine if there is a laser 
incidence on the dartboard or not, and if so the trajectory error, 
what is the distance between the beam and the centre of the 
dartboard, is calculated.  

From the hardware point of view, it uses three Logitech 
Quickcam Sphere AF camera units; this webcam constitutes a 
low-cost and a PC-104 compatible (USB 2.0) solution. 
Furthermore, it has a small size which fixes properly within the 
dartboards. Other features: resolution 2-megapixel sensor, 24-bit 
true colour, frame rate up to 30 frames per second.   

On the other hand, the software implementation follows four 
stages: 

1) Acquisition of the dartboard colour image from the camera 
each 0.6 second. Due to this high computation time, the speed in 
the vehicle has been bounded to 0.13 [m/s].  

2) Pre-processing: to discard from the image the area around the 
dartboard. It consists of applying a mask previously known, thus 
discarding the entire area of the image that does not correspond 
to the dartboard. In this way, errors due to reflections are 
avoided.  

3) Segmentation: to make a threshold process that consists of 
generating a black and white image where the laser beam is the 
region of interest and will be white and the rest black. It 
produces an image where a white circle appears (the beam) on a 
black background.  The histograms of the three channels of the 
laser images must been previously analyzed in order to 
determine the limits of the colour that the laser beams occupy. 
Note that we have checked the HSL (Hue, Saturation, Lightness) 
colour model and RGB colour model, the best results where 
obtained with the second approach. 

4) Representation and Description: if no white object is 
detected, then the laser is not detected. But if an object is got, 
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then the centre of the point is calculated (representing a single 
pixel). After that, using the calibration parameters, the actual 
distance (in centimetres) from the centre of the dartboard is 
calculated. Note that such deviation is only calculated for the x-
axis (lateral deviation). 

3. Results and discussion  
The detection of the laser beam and the calculation of the 
distance from the centre of the dartboard were tested for various 
light conditions. The colour of the laser on the dartboard in a 
greenhouse environment (Fig. 4a) is white, so its RGB 
histogram is between the previously defined limits of the 
threshold filter. In the case of direct sunlight condition (open 
environment), the laser beam is pink so its RGB histogram is 
outside the range of the threshold filter. Note that these extreme 
conditions of luminosity, rarely found in real greenhouses, led to 
wrong results following the RGB filter approach proposed (Fig. 
4b). For future works, we are thinking about using a template 
matching approach to improve the current vision algorithm.  

Finally the road management system permits to plan any route 
between the crop lanes and to manage the activation and 
deactivation of lasers when the vehicle passed through the 
corridors of the route. 

In conclusion, the proposed guiding system has some 
advantages over other systems because it allows flexibility for 
each execution path. Furthermore it has neither problem with the 
location accuracy nor requires expensive and rigid structures in 
the greenhouse. It is independent of the crop growth, except if it 
obstructs the laser beam. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
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will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

6 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

References  
R. González, F. Rodríguez, J. Sánchez-Hermosilla, and J. Donaire, Navigation Techniques for 

Mobile Robots in Greenhouses, Applied Engineering in Agriculture, Vol.25, no.2, 153-165, 
2009. 

A. Mandow, J.M. Gómez-de-Gabriel, J.L. Martínez, V.F. Muñoz, A. Ollero, A. García-Cerezo, 
The Autonomous Mobile Robot Aurora for Greenhouse Operation, IEEE Robotics and 
Automation Magazine, Vol. 3(4):18- 28, 1996. 

P. J. Sammons, F. Tomonari, A. Bulgin, Autonomous pesticide spraying robot for use in a 
greenhouse, Australian Conference on Robotics and Automation, 2005, Sydney, Australia. 

E. J. Van Henten, J. Hemming, B. A. J. Van Juijl, J. G. Kornet, J. Meuleman, J. Bontsema, E. A. 
Van Os, An autonomous robot for harvesting cucumbers in greenhouses, Autonomous 
robots Vol. 13, 241-258, 2002. 

 

  
Figure 1. Inversos vehicle Figure 2. Dartboards structure 

 

 
Figure 3. Architecture of the laser-based guiding 

system 
Figure 4. Vision tests (a) in the greenhouse and 

(b) with direct light over the dartboard 
 



Session 3:
Sensorial systems for agriculture





   

 

First RHEA International Conference on 
Robotics and associated High-technologies 

and Equipment for Agriculture  
Hosted by the University of Pisa  

Pisa, Italy, September 19-20-21, 2012

TOPIC No 1.1 
 
Hurdles to overcome in the development of spatially variable 

weed control (patch spraying) 
 

Peter Lutman 
 

Rothamsted Research, Harpenden, Hertfordshire, AL5 2JQ. UK  
(email peter.lutman@btinternet.com) 

 
Keywords:  weed management, herbicide, weed thresholds, 
herbicide application  

 
Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: Field Robots are often equipped with a Real Time 
Kinematic (RTK) GPS to obtain precise positioning. In many 
precision agriculture applications, however, the robot operates in 
semi-structured environments like orchards and row crops, 
where local sensors such as computer vision and laser range 
scanners can produce accurate positioning relative to the crops. 
GPS is then primarily needed for robust inter-row navigation.  
This work evaluates a new low-cost GPS. Static tests were used 
to test the absolute accuracy. To test the GPS in a precision 
agriculture environment it was installed on a robot driving in a 
simulated row crop field. The GPS supports raw data output as 
well and similar experiments were performed to evaluate the 
GPS when used in a RTK setup. 
In field tests more than 95% of position errors were estimated to 
be within 2.6 m. In RTK field tests more than 95% of 
measurement errors were estimated to be within 0.2 m. It was 
concluded that the GPS can be applied to selected row crops and 
orchards applications if augmented by local sensors and 
mapping techniques. Using the module in a RTK setup applies 
to general applications where position errors of 0.2 m are 
acceptable. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

2 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

1. Introduction 

Field robots often use a Global Positioning System (GPS) based 
on Real Time Kinematic (RTK) for precise navigation. However 
in a typical agricultural environment there are areas where trees, 
buildings, power lines etc. may shade or reflect the satellite 
signals. This causes temporary drops in positioning accuracy, 
and some means of dead reckoning system is therefore needed 
as well. RTK equipment retails at USD 15,000 to 60,000 and 
significantly increases the cost of field robots (Grisso et al., 
2009). 

In precision agriculture the robot often operates in semi-
structured environments like orchards and row crops where local 
sensors like computer vision and laser range scanners can 
produce accurate positioning relative to the crops. GPS is then 
primarily needed for inter-row navigation and mapping, and 
inaccuracies at the order up to a few meters may be acceptable 
in some applications. 

Recently a new low cost GPS has been introduced. At a retail 
price of USD 180 the specifications claim an increased accuracy 
in static and slow moving applications. It supports raw data 
output as well, which allows use in RTK setups using an 
external computation library. It is hypothesized that this GPS is 
useful in some precision agriculture applications in semi-
structured environments, and the aim of this work is to evaluate 
the GPS performance with respect to those applications. 

2. Materials and methods 

In this work a u-blox NEO-6P GPS engineering sample was 
evaluated. For RTK two LEA-6T GPS were used since the 
engineering sample did not have raw data output. u-blox has 
confirmed that the engineering sample algorithms are identical 
with the current version and that the raw data available on the 
NEO-6P is equal to that on the LEA-6T. 

To test the NEO-6P a prototype board was designed and linux 
software was written to configure the NEO-6P. In all tests the 
NEO-6P was connected to a GNSSA200 antenna from Gutec 
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AB. In RTK tests the LEA-6T were connected to Trimble Patch 
antennas, and the RTKLIB v2.4.1 (Takasu and Jasuda, 2010) 
was used for precise positioning. Post-processing was performed 
using Python. 

3. Results and conclusions  

3.1 Static tests 

These tests evaluate the absolute accuracy during variations in 
the satellite constellation and atmospheric disturbances. The 
antenna was installed at a location with no significant obstacles 
above the NEO-6P default elevation mask of 5 degrees. The 
position of the antenna was estimated by averaging RTK fixed 
solution measurements using a DataGrid MK3 receiver and is 
assumed to be exact. A GPS antenna signal splitter was 
constructed to split the signal between the NEO-6P and a 
Garmin GPS60 receiver. Fig.1 (left) shows the results of a 95 
hour test with the NEO-6P configured for 5 Hz output rate. 99% 
of the outputs returned DGPS fix indicating that SBAS was used 
to improve the positioning quality. 95% of the measurement 
errors were within 1.98 m. For the Garmin GPS60 95% of the 
measurement errors were within 2.60 m. A number of tests were 
performed with similar outcome. 

 
Fig.1. Static tests 

In the RTK test a LEA-6T was configured to output raw data at 
5 Hz, and a PC with RTKLIB performed the precise position 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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estimation. Another LEA-6T with same configuration was used 
as reference station less than 50 meters away. Fig.1 (right) 
shows the results of an 8 hour test where 95% of the 
measurement errors were within 0.013 m. 0.12% of the 
measurements with an error less than 0.75 m has been excluded 
from the histogram. 

3.2 F ield tests 
These tests evaluate the performance in a precision agriculture 
scenario. A route that simulates driving in row crops was laid 
out on a 15x15 m grass field using an inter-row spacing of 3 m. 
Close to the grass field were scattered groups of trees and a 
barn. The NEO-6P was installed on an Armadillo field robot. A 
Topcon GRS-1 unit was used to collect reference data which is 
assumed to be exact. The route was driven three times with 8 
and 3 hours between. Only in test 3 did the NEO-6P report 
DGPS quality in 14% of the position outputs. Fig. 2 (left) shows 
the result of test 3 which had the largest deviation from the 
reference track. The black line is the GRS-1 reference track and 
the green line is the NEO-6P track. The NEO-6P antenna 
location 0.3 m in front of the GRS-1 reference antenna has not 
been compensated due to lack of accurate yaw angle estimation. 
In all tests more than 95% of the measurement errors were 
estimated to be within 2.6 m. 

 
Fig.2. F ield test results 
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In the RTK test a route was laid out on a 15x15 m grass field 
using an inter-row spacing of 1.5 m. Close to the grass field 
were one storey buildings. The vehicle used for this test is a 
diesel-driven feeder driving at 0.25 m/s. The LEA-6T setup is 
the same as described in the static RTK test. The route was 
driven three times with 25 and 1 hours between. The lateral 
driving accuracy is estimated to be within +/- 5 cm. Fig.2 (right) 
shows the resulting tracks measured by the LEA-6T and filtered 
to exclude the headland turns. Row 6 from the left seems to be 
affected by a convergence error in the southern end. This may 
have been caused by signal blocking or multipath conditions 
caused by buildings just south of the track. The offset between 
the three individual tests in this worst case situation shows an 
estimated accuracy of approx. +/- 0.2 m.  

In order to improve the state estimation accuracy and reliability 
an Extended Kalman Filter (EKF) (Larsen 1998) was created. 
Odometry from the Armadillo motor hall sensors was used as 
system input and the NEO-6P positions as measurement 
updates. The NEO-6P gave quite scattered position outputs in 
the field test 2 so data from this test was used for evaluation.  

 
Fig.3. A rmadillo track and E K F output 

Fig.3. shows the result. The black line is the GRS-1 reference 
track, (left) is the NEO-6P track and (right) is the EKF state 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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estimate. The NEO-6P antenna offset from the robot geometric 
center has not been compensated, but even so it is evident that 
the EKF improves the position estimation accuracy 
significantly. Similar results though not as distinct were 
obtained from the other tracks. To test the reliability of the EKF 
several experiments were carried out using the same data but 
with GPS fix reset for periods of 5 to 20 seconds. In all tests the 
EKF managed to produce sensible output relying on odometry 
data until the next GPS fix corrected the absolute position. 

3.3 Conclusion 

This work has evaluated the u-blox NEO-6P GPS performance 
in precision agriculture applications. In standalone static tests 
95% of the position errors were within 1.98 m. In RTK static 
tests 95% of the position errors were within 0.013 m. In all 
standalone field tests more than 95% of the position errors were 
estimated to be within 2.6 m and in all RTK field tests more 
than 95% of the position errors were estimated to be within 0.2 
m. It is concluded that the NEO-6P can be applied to selected 
row crop and orchard applications if augmented by local sensors 
and mapping techniques. The NEO-6P (LEA-6T) in RTK setup 
applies to general applications where 0.2 m position errors are 
acceptable. Prolonged tests and antenna vibration tests were 
performed in addition to the described tests. They gave no 
reason to review the above conclusion. An EKF was 
implemented to improve the robot state estimation. Work ahead 
is to add local sensors to enable robust navigation in orchards.  
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract:  
First results about the development of a reliable low cost 
navigation control system for an autonomous robotic platform 
are presented in this paper. The robot and its navigation system 
were conceived to operate in pot-plant nurseries, where simpler 
and more robust solutions can be adopted respect to open field. 
In pot-plant nurseries crops layout is usually very regular with 
pots arranged in plots on compact soil. Hence the navigation 
control can be carried out tracking a fixed ground reference, 
such as a ribbon, lied in the middle of the inter-rows. Different 
kinds of sensors were tested (optical infrared, capacitive and 
inductive). The best performances were achieved employing 
proportional inductive sensors coupled with a ribbon composed 
by metallic materials. The same solution was adopted to identify 
headlands and to maneuver in automatic way the robotic 
platform at the end of each plot.  

1. Introduction  
The introduction and diffusion of robotics for crops 
management is seen as a needful means to improve the modern 
agriculture, in terms of cost reduction and increase in 
productivity (Bakker et al., 2010). Robotic systems would also 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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lead significant improvements about environmental pollution 
reduction and workers safety. Agricultural environment is rather 
hostile and the introduction of robotic systems is very difficult, 
in particular regarding the autonomous navigation.  A number of 
autonomous robots prototypes have been developed in this last 
decade as result of scientific research (see e.g. Åstrand and 
Baerveldt, 2002; Bakker et al., 2010; Slaghter et al., 2008; 
Sørensen et al., 2007). Most of them have been conceived to 
operate in open field, where the lack of fixed references and the 
great variability of environmental conditions strong affect the 
performances of the autonomous guidance controls. An 
integration of ground-base (odometers, computer vision, ultra 
sounds sensors, laser) and GPS systems is often adopted to 
recognize crop rows and identify headlands (Bakker et al., 
2010). However, in most cases, the reliability and the overall 
performances of these navigation systems are not still adequate 
to the application in a real production context. 
Pot plants nurseries, on the contrary, are more suitable to the 
introduction of autonomous robots than open field. Crops are 
usually organized with very regular layouts and fixed reference 
systems could be taken in account in this case; therefore well-
established technologies could be adopted concerning the robots 
autonomous guidance.  
A preliminary study of a reliable and low cost guidance system 
for an autonomous four steering and drive wheel robotic 
platform is presented in this paper. The robot, described in 
Comba et al. (2012) together its kinematic study, has been 
properly designed to operate in pot-plant nurseries as an 
autonomous multipurpose machine by changing different 
implements. 
 
2. Robotic platform  

In pot-plant nurseries, pots are usually arranged in plots either 
inside glasshouses and walk-in-tunnels or outdoor, on concrete 
floors or compact soil covered with a plastic film. Plots, usually 
less then 1.6 m wide, are alternated with 0.2-0.4 m wide inter-
rows. This kind of layout has guided the overall design of the 
robotic platform, which consists in a four steering and drive 
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wheels vehicle able to navigate along a single plot. Each wheel 
together its electrical propulsion and steering system is 
assembled in a wheel module, which is connected to the 
platform chassis by a pivot system coupled with a shock 
absorber (Fig. 1). Rotating simultaneously the four wheel 
modules, driven by as many electric linear actuators, the 
platform wheels-track can be adjusted in a range of 1000-1600 
mm. This solution gives to the robot a high flexibility and 
adaptability to different contexts and crops layouts. Platform 
chassis host a diesel engine generator coupled with a set of 
batteries, the fuel tank as well as control and power electronic 
devices. A mechanical interface will be fixed on the chassis in 
order to connect to the platform different kinds of tools. In 
particular the robot was thought to perform precise spray 
applications and fertigation without human operation, as well as 
a number of operations on single pots (e.g. pots handling, 
trimming, fertilization with granular products).   

 
Robot control system is based on “a two layers” architecture. 
The basic layer consists in four “intelligent” drivers, which 
control the steering angle and the velocity of each wheel 

Fig. 1 – 3D rendering of the robotic platform basic structure 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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according to the data provided by a central control unit. This one 
is the top layer, which collects and elaborates information from 
navigation sensors, tools and safety devices. All control devices 
and power driver exchange data by a CAN bus with an 
appropriate protocol. 
 

3. Platform navigation control 

The navigation scenario in a pot-plant nursery, as already 
mentioned, is rather structured. During operations on crops, the 
robotic platform has to follow the inter-rows among plots, 
whereas, when it achieve the headland, it has to change plot or 
to comeback. Navigation control system was designed with the 
aim to reduce costs as much as possible, taking in account, at the 
same time, that the platform has to operate also in greenhouses, 
where the employment of GPS systems is usually critical.    
These considerations suggested the employment of ground 
based sensors beside the on board odometers, in particular a 
ribbon lied on the middle of each inter-row as fixed ground 
reference. In this way the navigation control system corrects the 
steering angle of the wheels, tracking the ribbon with an 
adequate set of sensors. The same solution can be adopted to 
identify the headlands and to manoeuvre the platform from a 
plot to the next one. Turns and plot change can be performed 
fixing a further ribbon, perpendicularly to the inter-rows, near 
the headlands. 
A first set of trials was carried out to identify the most adequate 
sensors; in particular optical infrared devices, capacitive and 
inductive wide range (150 mm) proximity sensors were tested. 
Optical infrared sensors were rejected just after few tests since 
their performances were strongly affected by lighting conditions 
as well as by the presence of dirt on ribbon surface. Capacitive 
sensors were tested with plastic strips (50 mm wide and 2 mm 
thick), but they had to be placed very close to the soil surface 
(less than 30 mm) to obtain adequate performances, moreover 
soil irregularities strongly affected the accuracy. The best 
solution was found employing inductive sensors, even if a tape 
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composed by metallic material must be used in this case. 
Platform steering angle can be calculated measuring the 
deviation of front and rear wheel modules from the centre of the 
tape. Since proportional inductive sensors give an output voltage 
proportional to the distance from a metallic body and/or to the 
quantity of metal within the sensor field of view, a couple of 
them has been adopted to calculate the deviation from tape 
centre, according to the schematic diagram of fig. 2. This 
solution gives also a good control robustness respect to soil 
irregularities, as vertical displacements are common mode 
signals rejected to the measurement system. 

Fig. 2 – Schematic diagram of the tape tracking system based on a couple 
of proportional inductive sensors. 

A couple of sensors will be installed in each wheel module. Two 
of them, one on the front and one on the rear wheel modules, 
will be use as tape tracking system for platform navigation along 
plots inter-rows, whereas the other two couples will be need to 
turn the robot at headlands autonomously.  
 

4. Conclusions 

The employment of inductive sensors coupled with a metallic 
tape is a viable solution to develop a simple, reliable and low 
cost navigation system for an autonomous robotic platform 
conceived to operate in pot-plants nurseries. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Inductive sensors are standard and low cost devices already 
employed in different agricultural equipment for many years, as 
their accuracy is not affected by the presence of dirty, such as 
soil and crop residues. The fixed ground reference made by the 
tape gives a great reliability and robustness to the control 
system. Either fixed infrastructures or other kind of sensors are 
not required for robot navigation during crops operations. 
Metallic tape is a low cost product respect to other solutions, 
moreover growers can autonomously manage its application, 
defining a platform navigation pattern adequate to farm plots 
layout and farm scheduling. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: This work examines the dynamic vibrational 
behavior of a bumper suspension system which is part of a 
sensor-based platform. The sensor-based platform travels 
through an underground pipeline system and monitors the 
soil water content in real time. The mechanical vibrations 
were measured with a triaxial piezoelectric accelerometer , 
and data acquisition system from Based on 
the results obtained from the analysis of results, one may 
conclude that the modes in the y and z axes are interlinked. 
I t is evident that the mode expected to cause most problems 
is that centered at 140 Hz. The r .m.s vibration value at high 
speed operation is almost double to that produced when the 
sensor operates at low speed. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

1. Introduction  

Currently, mobile robotic systems are used for automated 
inspection of the inner surface of piping systems using advanced 
techniques such as visual inspection, magnetic leakage 
detection, etc. (Qi et al., 2009). The pipeline robotic systems can 
be classified into the following categories, based on their driving 
mechanism: wheel type robot, caterpillar type robot, walking 
type robot, pig type robot, wall-press type robot, screw type 
robot, and inchworm type robot (Choi and Roh, 2007).  

Wall-press type is one of the most popular in-pipe robotic 
systems. The advantage of wall-press type robot is the 
realization of adaptive (flexible) mechanism for pressing the 
wall. It solves several technical problems associated with the 
change in pipe diameters, presence of vertical pipes, and various 
elbows. Zhang and Yan (2007) proposed an in-pipe robot with 
active pipe-diameter adaptability and automatic tractive force 
adjusting for gas pipelines with different diameter. It consisted 
of three sets of parallelogram wheeled legs. Each leg had a front 
and rear driving wheel. The adaptive mechanism was driven by 
a step motor. This motor drives rotation of a ballscrew that can 
push the sets of parallelograms legs with driving wheels to 
contact surface wall of pipeline. Also, Choi and Ryew (2002) 
proposed an alternative type of wheeled leg mechanism. The 
proposed mechanism had 
around the body of the robot. The folding and unfolding of the 
leg is succeeded on a pantograph mechanism with sliding base. 
The wall-press type robots interacted with the pipe wall with 
pressing forces in order to ensure adequate and stable traction. 
Due to this ineraction mechanical vibrations were produced. The 
analysis of the vibrations can be subsequently used for the 
optimization of the robot operating parameters. In addition, the 
characteristics of vibrations should be used as a criterion of 
efficient operation of the wall-pressing mechanism of robots.  

Gravalos et al. (2010) presented a sensor-based platform that 
travels through an underground pipeline system and monitors 
the soil water content in real time. This sensor-based platform 
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can be classified as a wall-press vehicle. It consists of a 
modified commercial soil water sensor Diviner 2000, which is 
placed on two circular articulated wheeled bases, each of them 
driven by a small wheeled electric motor. The driving wheels 
are supported via bumper suspensions. This suspension system 
allows motion only in vertical direction and relies on flexible 
members (compression springs) to hold the bumper loosely in 
place. The deflection of the bumper suspensions allows foldable 
characteristics for the driving wheels, which in turn are in 
contact with pipeline walls. The aim of this paper is to study the 
vibrational behavior of the bumper suspension system which is a 
part of a sensor-based platform used for soil water monitoring.  

2. Materials and methods  

Experiments were carried out in laboratory conditions, on an 
artificial soil tank 1.44 m long by 1.10 m wide, and with a depth 
of 0.25 m (Fig. 1). Three PVC pipeline was placed horizontally 
along soil tank at depths of 0.2 m under the soil surface. 
Apparatuses used in the study were the sensor-based platform 
and a vibration analyser. The mechanical vibrations of sensor-
based platform were measured by a compact triaxial 
piezoelectric accelerometer type 4524-B. The accelerometer was 
attached on the body of mobile platform via mounting clip (UA-
1407). The voltage signals of the accelerometer were sampled 
with the data acquisition unit PULSE type 3560-C from 
Kjaer. Vibration levels were measured under two different 
operating speeds.  

3. Results and conclusions  

A number of three runs were tried both for low and high speed 
operation. The sampling frequency was 65536 samples per 
second. Each record typically contained a little more than 
500000 points resulting in time series with duration of 
approximately 8 seconds. First, the root mean square (r.m.s) 
acceleration was numerically calculated directly from the time 
series. Next, the power spectral density (PSD) was computed 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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used with 50% overlap between successive segments resulting 
in a true frequency resolution of 16 Hz. 

        

Fig.1. The experimental setup 
1. soil tank, 2. sensor-based platform, 3. triaxial accelerometer, 

4. electric motor, 5. reducing gear, 6. photoelectric sensor,  
7. data acquisition unit PULSE type 3560-C, 8. laptop computer     

For low speed operation, the mean value of r.m.s acceleration on 
x- 2, while on y and z axes we have 

2 2 respectively. Vibration 
magnitude is always higher along the z-axis direction. The 
general form of the power spectral density is computed from the 
x- axis vibration time series, it is that of a low pass filter passing 
frequencies up to about 200 Hz. This is to be expected as the 
mechanism is forwarded using rubber wheels that filter out high 
frequency vibration. A number of peaks are evident at 
approximately 40, 400 and 4000 Hz. These peaks may be 

between the wheels and tube walls. In case of the power spectral 
density of the y-axis acceleration, a number of modes are 
apparent at 140 Hz, as well as, at 5 and 6 kHz. Finally in fig. 2, 
the spectrum of the vibration along the direction of the z axis is 
presented. The general shape is similar to those of x-axis and y-
axis, only the magnitude is a little higher. Two vibration modes 
are apparent at 140 Hz and 5900 Hz.
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Fig.2. Power spectral density of vibration recorded on the 
direction of z-axis, low speed operation 

For high speed operation, the mean value on x-
m/s2, on y- - 2. Vibration 
magnitude is almost doubled when compared to the case of low 
speed operation. The standard deviation is also significantly 
higher. As before, the highest values are observed along the z-
axis direction. The PSD of the x- axis vibration when using high 
speed operation shows the same 40, 400 and 4000 Hz peaks as 
in the case of low speed operation. However, the 400 Hz peak is 
greatly suppressed. The spectral content of the y-axis vibration 
shows prominent peaks at 140, 1900, 5000 and 6100 Hz. 
Finally, the spectral content of the z-axis vibration contains two 
relatively undamped peaks at 140 and 5800 Hz, figure 3. 

From the above one may conclude that the modes in the y and z 
axes are interlinked. The modes noticed along the direction of 
the x-axis are not linked to the modes in the other directions. 
Take out the magnitude of the vibration, the picture in the case 
of high speed operation is exactly the same as with low speed 
operation. This is to be expected because the modal behaviour of 
the structure depends only on the constructional details and is 
irrelevant to speed and type of excitation provided that the last 
one is broadband. It is well known, that the vibration amplitude 
is highest at resonance frequencies. A capacitive probe is quite 
insensitive to vibration effects. Nevertheless, when designing 
equipment it is always a good practice to take care of undamped 

can be classified as a wall-press vehicle. It consists of a 
modified commercial soil water sensor Diviner 2000, which is 
placed on two circular articulated wheeled bases, each of them 
driven by a small wheeled electric motor. The driving wheels 
are supported via bumper suspensions. This suspension system 
allows motion only in vertical direction and relies on flexible 
members (compression springs) to hold the bumper loosely in 
place. The deflection of the bumper suspensions allows foldable 
characteristics for the driving wheels, which in turn are in 
contact with pipeline walls. The aim of this paper is to study the 
vibrational behavior of the bumper suspension system which is a 
part of a sensor-based platform used for soil water monitoring.  

2. Materials and methods  

Experiments were carried out in laboratory conditions, on an 
artificial soil tank 1.44 m long by 1.10 m wide, and with a depth 
of 0.25 m (Fig. 1). Three PVC pipeline was placed horizontally 
along soil tank at depths of 0.2 m under the soil surface. 
Apparatuses used in the study were the sensor-based platform 
and a vibration analyser. The mechanical vibrations of sensor-
based platform were measured by a compact triaxial 
piezoelectric accelerometer type 4524-B. The accelerometer was 
attached on the body of mobile platform via mounting clip (UA-
1407). The voltage signals of the accelerometer were sampled 
with the data acquisition unit PULSE type 3560-C from 
Kjaer. Vibration levels were measured under two different 
operating speeds.  

3. Results and conclusions  

A number of three runs were tried both for low and high speed 
operation. The sampling frequency was 65536 samples per 
second. Each record typically contained a little more than 
500000 points resulting in time series with duration of 
approximately 8 seconds. First, the root mean square (r.m.s) 
acceleration was numerically calculated directly from the time 
series. Next, the power spectral density (PSD) was computed 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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modes in order to increase both the measurement accuracy, as 
well as the reliability of the device. From figures 2 and 3, it is 
evident that the mode to cause most problems is that centered at 
140 Hz. Higher modes may have much lower damping, but their 
excitation level is more than 20 dB lower and therefore are not 
expected to cause much trouble. 
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Fig.3. Power spectral density of vibration recorded on the 

direction of z-axis, high speed operation. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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a weed management model that will provide guidance on 
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sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  
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(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
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may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
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Abstract: This work describes the development of system for 
monitoring of plantations of sugar cane through a small UAV, 
specifically a multi-rotor helicopter properly instrumented to 
capture and send images to a base station for further analysis. 
The visual information of the whole ecosystem will allow 
judicious comparisons about processes such as photosynthetic 
activity, the occurrence of water deficits, nutritional stress and 
pest attacks. Preliminary results of the proposed system are 
shown.  

1. Introduction  

The Brazilian agriculture plays an important role in the 
development of the country, generating employment, incomes 
and  international trade. In this context, the cane sugar is 
inserted as a main raw material of the production of sugar, 
alcohol, and other byproducts. The cultivation of sugar cane was 
the first agricultural crop introduced in the country. It has been 
cultivated for four centuries on the Brazilian Northeast coast. 
More recently, with the increase in the demand for ethanol, this 
culture has spread out to almost all Brazilian states, establishing 
itself in many different soil types. Today, the domestic 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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production of sugar cane is around 290 million tonne/year and 
sets the country as a world leader in this economic sector. The 
sugar cane is directly linked to the own history and development 
of Brazil (Embrapa, 2012). 

Even though the sugar cane is a rustic plant, due to its economic 
importance today in Brazil, heavy investments to its cultivation 
are being made, since the environmental characteristics and 
competitiveness require high productivity, reduction in costs and 
environmental impacts studies. Moreover, situations difficult to 
anticipate may arise during cultivation, for example; the 
appearance of pests, if appropriate actions are not taken, can 
lead to a drastic decrease on cane production, resulting in the 
reduction on  the sugar and ethanol production. Therefore, in 
order to prevent pests, reduce pesticide applications, reduce the 
risk of contamination of those who apply and prepare the 
insecticides and decrease the contamination of the environment 
and consumers of final products, it is necessary to make rounds 
of monitoring of the plantations. (Germano L. D. Leite and  
Vinicius M. Cerequeira, 2010). 
 
The objective of this work is to develop a system for aerial 
monitoring based on a small unmanned multi-rotor helicopter 
properly instrumented to capture and send images of plantations 
of sugar cane to a base station for further analysis. Image 
processing techniques will allow the extraction of relevant 
information about processes such as photosynthetic activity, the 
occurrence of water deficits, nutritional stress and pest attack. 
 

2. M ethodology 
The  task of aerial monitoring of a sugar cane plantation consists 
in moving the UAV (Unmanned Aerial Vehicle) between certain 
planned points to get image samples. These samples are very 
close pictures of the plants with low distortion and low noise, 
which will be sent via WiFi connection to a base station for later 
analysis by a specialist. Images with low noise and close to the 
sugar cane plantations can be captured when the helicopter 
hover near them. 
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 2.1 Development and Operation of an UAV   

The UAV developed in Robotic Laboratory (LAR) at 
DCA/UFRN1, consists of a hexarotor helicopter with three rigid 
axes that are equidistant to its centroid, as shown in Fig.1. Six 
rotors are arranged as three co-axial pairs without gears installed 
on each rotor axis. A co-axial rotor is defined as having an upper 
and a lower rotor that rotate in opposite directions to each other. 
This co-axial layout doubles the thrust without increasing the 
size of the whole structure, and naturally eliminates loss of 
efficiency due to yawing moments and torque compensation 
(Sanca et al., 2010a, (Sanca et al., 2010b; Laura et al., 2011). 
This system has better stability than traditional helicopters. The 
power obtained from the six actuators results in increased 
payload on each rotor axis. 
The movements up/down, forward/backward, left/right and the 
yawing motions are achieved through a differential control 
strategy of the thrust generated by each co-axial pairs. This 
helicopter is instrumented with a Sonar, Altimeter, GPS and 
AHRS (Attitude Heading Reference System), which provides 
measurements of its position and attitude with respect to inertial 
frame and with an image acquisition module that acquires 
images of a sugar cane plantations. 

 

 

 

 
 
 
 
 
 
Fig.1. The Hexarotor helicopter developed in LAR/UFRN. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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2.2 Hardware architecture 
The hardware architecture used is based on Master-Slave 
paradigm, which uses a USB bus as communication interface. 
The bus master is an embedded computer running Ubuntu Linux 
O.S., connected to some microcontrollers slaves through USB. 
This architecture was designed in a modular way, where other 
microcontrollers can be inserted, adding new functionalities to 
the system. The hardware architecture is shown in Fig.2. 

 
  Fig.2. The hardware architecture 
 
2.3 Base Station 

The base station is the interface used by the operator on the 
ground. It was implemented on a mobile computer (Laptop) and 
provides the visual information concerning the UAV telemetry 
and images captured by the onboard camera during the hovered 
flight. 

-Of  

The software was developed in modules in order to allow 
communication between the robot and the base station by three 
different links. 

 ProtocolWi-Fi 802.11g, 
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 Circuit Switching: Uses GSM a modem in the embedded 
computer and another in the base station computer, 

 Radio frequency: Long range Xbee Modules. 

This base station was essential for monitoring tasks and real 
time flight control (Laura et al, 2011). 

3. Results and conclusions 
Fig.3, shows the attitude and altitude backstepping control based 
on Sanca et al., 2010b and Sanca et al., 2011. The tracking error 
results (roll-pitch-
the asymptotic stability of the backstepping approach applied to 
the hexarotor. It can be seen the good tracking performance of 
the developed controller. 

 
          Fig. 3. Attitude and altitude of the helicopter. 
 
Fig 4 shows the graphic interface on the base station utilized by 
the operator to control the UAV and monitor the sugar cane 
plantations during a planned monitoring mission.  
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axes that are equidistant to its centroid, as shown in Fig.1. Six 
rotors are arranged as three co-axial pairs without gears installed 
on each rotor axis. A co-axial rotor is defined as having an upper 
and a lower rotor that rotate in opposite directions to each other. 
This co-axial layout doubles the thrust without increasing the 
size of the whole structure, and naturally eliminates loss of 
efficiency due to yawing moments and torque compensation 
(Sanca et al., 2010a, (Sanca et al., 2010b; Laura et al., 2011). 
This system has better stability than traditional helicopters. The 
power obtained from the six actuators results in increased 
payload on each rotor axis. 
The movements up/down, forward/backward, left/right and the 
yawing motions are achieved through a differential control 
strategy of the thrust generated by each co-axial pairs. This 
helicopter is instrumented with a Sonar, Altimeter, GPS and 
AHRS (Attitude Heading Reference System), which provides 
measurements of its position and attitude with respect to inertial 
frame and with an image acquisition module that acquires 
images of a sugar cane plantations. 

 

 

 

 
 
 
 
 
 
Fig.1. The Hexarotor helicopter developed in LAR/UFRN. 

1
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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The next step in the development of the proposed system is the 
implementation of specific image processing techniques for
detecting pest from the captured aerial images. The use of the 
proposed unmanned helicopter for monitoring plantations will 
minimize the time in the detection of pests that attack sugar 
cane, thus contributing to the prevention of pest attacks. 

 
Fig. 4. Graphic interface used in the base station for Monitoring 
sugar cane plantations. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: Irrigation management in large crop fields is a very 
important practice. Since the farm management costs and the crop 
results are directly connected with the environmental moisture, 
water control optimization is a critical factor for agricultural 
practices, as well as for the planet sustainability. Usually, the crop 
humidity is measured through the water stress index (WSI), using 
imagery acquired from satellites or airplanes. Nevertheless, these 
tools have a significant cost, lack from availability, and 
dependability from the weather. Other alternative is to recover to 
ground tools, such as ground vehicles and even static base stations. 
However, they have an outstanding impact in the farming process, 
since they can damage the cultivation and require more human 
effort. As a possible solution to these issues, a rolling ground robot 
have been designed and developed, enabling non-invasive 
measurements within crop fields. This paper addresses the spherical 
robot system applied to intra-crop moisture measurements. 
Furthermore, some experiments were carried out in an early stage 
corn field in order to build a geo-referenced WSI map.  

1. Introduction 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Water is the most important resource in any agricultural scenario. It 
defines the cost of the production, the quality of the crop and the 
performance of the field. In this sense, the irrigation management is 
one of the main tasks/goals to be taken into account in the Precision 
Agriculture (PA) concept. 
 
Many techniques have been used to make effective this control. 
Nevertheless, all of them are based in the moisture measurement. 
Without considering non-real time methods, the sensor types could 
be divided according with their nature: on the one hand, it could be 
classified between static and mobile sensors. Despite of being more 
accurate, static sensors (like WSN) requires lot of devices in large 
fields, being most of the times too expensive. On the other hand, the 
acquisition systems could be also split according to their range and 
precision. On the bases of range (not only sensor range, but also 
coverage) and accuracy have an inverse relation, a deal is required. 
In this sense, this paper presents the work done in this direction, by 
the usage of a rolling robot with a spherical shape, named 
"ROSPHERE'' (RObotic SPHERE), as an alternative mobile 
platform to perform monitoring tasks in crops, particularly to 
measure moisture, but not limited to that function.  
 
The main purpose of using this alternative vehicle is to minimize 
crops alterations, and at the same time, being able to have a direct 
measurement from plants surroundings. By doing so, an action 
needed over a crop can be done directly to the specific affected 
area, these actions may include water irrigation, application of 
pesticides or fertilizers, etc. This precise action results in 
economical and environmental costs minimization, while 
maximizing revenues. 
 
Unmanned Aerial Vehicles (UAV) are also used for similar 
purposes. The UAV mission is to image survey the crop fields. 
The images acquired are used to build a high resolution map, 
which can then be employed in weeding tasks. An important 
research effort is dedicated to compute optimal trajectories for 
mini UAVs, such as quad-rotors (Valente, Barrientos, del Cerro, 
& Sanz, 2011a), (Valente et al., 2011b). The aim of the proposed 
system is not to replace what aerial systems do, but instead to 
complement it. While the UAV surveys the overall field and 
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biophysical parameters can be obtained through image analysis. 
The ROSPHERE has the possibility to do in situ inspection and 
analysis. Thus, improving the reliability of the maps with further 
and more accurate data.  
 
2. Problem statement and proposed solution 

The main objective in PA is to minimize environmental impact 
while maximizing the usage of non-renewable resources (e.g. 
water). A local measurement of control variables such as 
temperature, pesticide concentration, luminosity, humidity, etc. 
might indicate a necessary and controlled action over the crop. 
 
Accordingly, the main objective is to be able to evaluate the real 
status of the crop, not only from a global point of view but 
locally. The solution (system) must be able to assess the crop 
state without affecting the involved plants. This discards an 
important part of existent mechanisms, mostly because of their 
size and weight. 
 
Taking into account the requirements mentioned before, a robotic 
sphere is proposed as an alternative solution. Robotic spheres are 
systems in which movements are induced by instability. Besides, 
considering its regular shape, the robot may recover easily from 
collisions, regardless the direction of the impact, the robot tends 
to fall into a recoverable configuration. Finally, in spite of its size, 
a robotic sphere is relatively lighter compare to analogous robot 
of the same size. Even though there are several alternatives to 
conceive this concept (Armour & Vincent, 2006), a fixed axis 
ballast system has been selected as the mechanical alternative 
(Michaud & Caron, 2002), (Kayacan, Bayraktaroglu, & Saeys, 
2011).  

 
3. System description 

ROSPHERE is a spherical shape robot with the capacity to self-
induce non-holonomic movements. To make that possible, the 
robot has an inner two-degree-of-freedom pendulum. The robot 
includes a) a spherical shaped body (30 cm of diameter), b) a 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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fixed main axis, c) a central unit or ICU (Internal Control Unit) 
and d) the ballast or hanging mass. The first DOF rotates the ICU 
(consequently the hanging mass) about the fixed axis, while the 
second has a mechanically limited range of rotation, and rotates 
about a perpendicular axis. Current version of the robot (see 
) was designed to get the Centre of Mass as far as possible to the 

geometrical center in order to induced movements easily. 
 

 

 
 

a) 

 
 

b) 
 

c) 

3.1. Hardware architecture 

ROSPHERE is equipped with all necessary resources in order to 
behave as an autonomous vehicle. Besides, the system includes an 
embedded computing system composed by a Robovero and a 
Overo Fire embedded computer. ROSPHERE has WiFi, 
Bluetooth and Xbee as communication alternatives, furthermore it 
also includes sensors to measure inertial quantities (IMU), 
location (GPS), temperature, humidity, and luminosity. 

3.2. Software architecture 

With respect to software, system architecture can be divided in 
two main parts. The first one corresponds to the high-level 
computation layer, which has to interpret primitive movement 
commands and generate the respective actuators commands, 
which could be provided by a human operator (in the 
teleoperation mode) or decided autonomously by the own 
navigation system (autonomous mode). On the other hand, there 
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is a low-level computation layer that is in charge to collect (read) 
information from sensors and to control actuators.  
 
4. Tests and results 

ROSPHERE v0.2 was tested in two different crops, winter cereal 
and corn (See ), and it was provided with environmental 
sensors of temperature and humidity. For this test, the robot was 
teleoperated to move inside the crop in order to get information 
about mentioned variables. Temperature and humidity variations 
were registered and can be visualized in .  
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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5. Conclusions 
With these tests, it was validated ROSPHERE's capacity to move 
along the crop while taking environmental data. However, it was 
concluded that the robot should be used only in wide crop row 
spacing in order to guarantee the plant integrity. Furthermore, a 
possible enhancement is to locate the sensors outside of the 
sphere in each of the ends of the main axis. This will improve 
considerably data accuracy. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: The road to the automation of the agricultural 
processes passes through the safe operation of the 
autonomous vehicles. This requirement is a fact in ground 
mobile units, but it still has not well defined for the aerial 
robots (UAVs) mainly because the normative and 
legislation are quite diffuse or even inexistent. Therefore, to 
define a common and global policy is the challenge to 
tackle. This characterization has to be addressed from the 
field experience. Accordingly, this paper presents the work 
done in this direction, based on the analysis of the most 
common sources of hazards when using UAV's for 
agricultural tasks. The work, based on the ISO 31000 
normative, has been carried out by applying a three-step 
structure that integrates the identification, assessment and 
reduction procedures. The present paper exposes how this 
method has been applied to analyze previous accidents and 
malfunctions during UAV operations in order to obtain real 
failure causes. It has allowed highlighting common risks 
and hazardous sources and proposing specific guards and 
safety measures for the agricultural context.  
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done in this direction, based on the analysis of the most 
common sources of hazards when using UAV's for 
agricultural tasks. The work, based on the ISO 31000 
normative, has been carried out by applying a three-step 
structure that integrates the identification, assessment and 
reduction procedures. The present paper exposes how this 
method has been applied to analyze previous accidents and 
malfunctions during UAV operations in order to obtain real 
failure causes. It has allowed highlighting common risks 
and hazardous sources and proposing specific guards and 
safety measures for the agricultural context.  
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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1. Introduction 

The use of new technologies and techniques in the agricultural 
environment has arisen in the last decades. This remarkable 
increment, named Precision Agriculture (PA), has allowed reducing 
the use of pesticides, maximizing the irrigation efficiency or having 
an actual knowledge of the crop status. A significant part of these 
advances lies in the aerial imagery. This possibility is provided by 
several means, from satellites to airplanes, each one with its own 
advantages and disadvantages. Nevertheless, for some years ago, 
both the agricultural and robotics societies have assisted to the mini 
Unmanned Aerial Vehicles (mUAVs) development. Due to their 
large availability, reduced price and great flexibility, they are 
considered to be the best alternative for this kind of applications.  

However, in spite of all their large set of advantages, they present 
also inconveniences. The main one is derived from the relative youth 
of these devices, which makes to have not a solid legal framework 
neither a great robustness. It inevitably implies risks during 
operation, with a great potential damage capacity due to their air-
vehicle condition. In this work, these risks have been analyzed, 
presenting an overview of the main hazards for UAV operations in 
agricultural tasks.  

2. Risk analysis 

2.1 Legal framework 

The applicant legislation is based on a generalist assessment of 
potential hazards, so apart from being compulsory- supposes a first 
step in the risk analysis. Nevertheless, since the Unmanned Aircraft 
Vehicles are relatively new, this normative and legislation are still 
under current development (JAA/EUROCONTROL, 2004). Diverse 
organisms -both national and international; both official and non-
official- are implied in this development. FAA and the 
European EASA, together with EUROCAE, JARUS and some other 
organizations, reached a consensus in 2005 [6] to define formal 

Air Space (NAS) management. Nevertheless, this agreement only 
considers large and heavy drone, leaving the Light UAVs (UAVs 
under 150 Kg) regulation to the corresponding national Air 
Authorities. 
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Apparently, the most advanced frameworks for regulating the 
UAVs operation are present in UK, Australia, Austria and France (P. 
van Blyenburgh, 2008). Nevertheless, they have used different 
classifications for organizing on, making harder 
the standardization process. The common points in the on-going 
proposals have considered mUAV to those aerial vehicles lighter 
than 7/15Kg, 150m maximum height and flying under Visual Line of 
Sight (VLOS). On that basis, they have limited the maximum energy 
on impact, the maximum flight speed, distance to populated areas 
and altitude, as well as the airworthiness requirements. 

2.2 UAV specific methodology 
After a careful study of both the specific and general regulations, it 
has been considered that current normative is not clear enough (K. 
Hayhurst et al, 2006). In spite of many groups and organisms are 
working on it, a common regulation does not seem to be available in 
a short/medium period, even less if expecting concrete 
recommendation for agricultural environments (R. Clothier et al, 
2007; P. Hokstad et al, 2006). 

In this sense, in (Sanz et al., 2012) is described a three-step 
architecture specific for this kind of missions. It is based on ISO 
31000 normative and aims to enhance the evaluation overcoming the 
context- The first step 
corresponds to the Risk Identification (RI), including not only the 
limitations imposed (physical, temporal, behavioral and 
environmental restrictions), but also the potential hazardous 
situations and breakdown sources. In this regard, both external and 
internal sources have been considered, distinguishing the hazards 
according to their nature.  

The following step is where all these identified risks are evaluated 
according to the application: Firstly, this risk assessment method 
enhances the factors considered in ISO 31000 (Seriousness of the 
damage and probability of occurrence). It is complemented by using 
parameters like the affiliation of the agents involved in the event, or 
by extending the severity-of-the-injures rate. Secondly, as far as this 
step allows weighting the importance of some parameters, it is 
possible to adjust the assessment for an agricultural environment. It 
allows the final step (Risk Reduction, RR) to decide where to 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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intensify the effort: design process, prevention/protection methods or 
safety procedures. 

3. Agricultural environment: a case of use 
This architecture is not only valid for analysing the potential 
hazards, but also for evaluating an accident. Figure 1 presents the 
partial layout of an imagery mission that resulted in disaster, where it 
is possible to distinguish a sudden fall. 

  

Following the three-step methodology for analysing the risk, the first 
step was to analyse identify the potential hazards. On the one hand, 
those ones derived from the system restrictions: In relation with the 
physical limits, it was checked that the payload (camera, 126gr) was 
balanced and that not overcome the maximum Take-Off Weight 
(MTOW, 550g of payload). It was also checked that the wind speed 
(11 Km/h) was suitable and the battery charge. 

Regarding to the temporal limits, it was assumed the use of the 
battery (6h) and the motors (around 10h the older one). The 

 
and the link quality was good. As well, in reference to the 
environmental limits, it was considered that the closer airport or 
military facility was dozens of kilometres away, and the nearest 
populated is at 2.5 Km far from the test area. Besides, the higher 
relative altitude of the mission was 55m, below the non-segregated 
air space level, and no body, apart from the pilots, was present in the 
test area. The GPS signal was excellent, as well as the climatological 
conditions. 

Finally, in respect of the behavioural limits, the autonomous mode 
was set, supervised by an expert pilot. 
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On the other hand, also the hazards derived from breakouts were 
considered, focusing in the controllable stages (Preparation, start-up, 
maintenance and operation). Among them, Assemble, Adjustment, 
Interferences and Conservation processes where estimated as the 
most hazardous ones, so a special attention was paid on these 
processes. Nevertheless, as far as the accident happened, telemetry 
data have been used to focus on the analysis of possible breakdowns: 
Figure 2 presents the charts associated to the linear speed (V, green), 
the relative height (rH, red) and the acceleration (A, blue), all of 
them along the time and referred to the Z axis. It is possible to 
observe that during the mission, V and A are kept almost constant 
around 0, as could be expected since the rH is also stable. It could be 

 is a small descent, 
non-compensated by the quadrotor yet. This could be due to some 
changes in the orography, a maintained wind or a battery status 
warning. Nevertheless, the critical point is placed , where 
the drone suddenly changes not only in terms of V and A, but also its 
attitude and angular rates. 

 

Fig. 2. Partial flight telemetry for breakdown analysis. 

Since these changes do not compensate the drift, few problems could 
be considered: errors in the control/navigation system, failures in the 
link stream (both GPS and communications), mechanical 
breakdowns, battery dead or unmanageable weather conditions. The 
three last options are not probable, since the telemetry was received 
without problems, highlighting a good GPS signal; the battery warns 
when it is exhausted and enters in an emergency landing procedure; 
and the weather conditions where fine. Only control and mechanical 
troubles remain, and as far as their effects are quite similar 

- is really hard to distinguish 
between them. Even so, given that V and A seems to be saturated 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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trying to counteract the fall vector -changing to the contrary when 
the drone turns- could be supposed that the error has a physical 
nature. The driver/shifter, the propeller or the rotor could be the 
responsible of the accident.  

Further analysis showed that, although broken due to the impact, the 
propeller was steadily fixed (and it is not probable to be broken 
during the flight). As well, the later test showed that the rotor 
worked properly. This leads to set that the driver burned- caught 
fire during the flight. 

4. Conclusions 
As could be expected, breakdowns and failures could be present 
despite of the precautions and methodologies applied. In this 
sense, only physical guards, such as a parachute or a safety ring, 
or redundancy systems (e.g. voltage regulators and limiters), 
could increase the safety figure, by warning in advance or by 
limiting the potential damage to be caused.  
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: In precision agriculture, especially in weed control, it 
is essential to have accurate information about the weed 
distribution, i.e. a weed map. So a crucial task is the generation 
of accurate weed maps. This paper proposes a new automatic 
approach for identification of agricultural textures (crop and 
weed) in remote images using a non-supervised strategy based 
on the Fuzzy Clustering method. The strategy takes into account 
the relevance of the information based on the intensity 
variability by means of the following spectral components: Red, 
Green, Blue and Near Infrared. The proposed method shows a 
good performance for distinguishing weeds from wheat crop. 

1. Introduction 

One important issue in agriculture is related to the 
automatization of tasks for reducing weed control 
measurements. Optical sensors provide images that must be 
conveniently processed. The most relevant image processing 
procedures require the identification of textures belonging to 
crop and weed plants, so that some types of strategies must be 
carried out, including site-specific treatments with chemical 
products or mechanical manipulations. In this context, textures 
can be useful for distinguishing weeds from crop. Different 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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classical techniques have been studied for image texture 
classification, namely: Bayesian, K-Nearest, Neural Networks, 
Vector Quantization (Frate et al., 2007, Hanmandlu et al., 2004, 
Lam, 2007), among others. 

Image segmentation methods can be classified into pixel-based 
and region-based approaches (Pajares and Cruz, 2007). A pixel-
based approach tries to classify each pixel as belonging to one of 
several classes. The region-based identifies patterns of textures 
within the image and describes each pattern by applying filtering 
(laws masks, Gabor filters, wavelets, etc.). The remote images 
used in this work do not display texture patterns. This implies 
that textured regions cannot be identified by applying region-
based methods. In this research we propose to use a pixel-based 
approach under a Multispectral (Red - R -, Green - G -, Blue - B 
-, Near Infrared - NIR -) QuickBird satellite image as which 
shown in Fig. 1. RGB colour representation performs favourably 
against other colour mappings, as reported in Maillard (2003). 
Hence, the three RGB spectral values together to NIR band are 
the four features used in the study described in this paper. 

          

Fig. 1. The multispectral QuickBird image (scene: 102 km ) 

So far, the identification of agricultural textures (crop and 
weeds) in aerial and satellite images has been realized by means 
of supervised strategies (De Castro et al., 2012, López-
Granados, 2011) that require a costly field sampling. The aim of 
this work is the discrimination between weed and wheat crop 
textures using a non-supervising strategy. In this paper, the 
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3 

design and develop of an unsupervised classification strategy 
based on the Fuzzy Clustering (FC) method is presented. The 
FC classification technique has been selected for being a 
successful tested method for segmentation in external 
environments (Guijarro et al., 2008, Pajares et al., 2009). 
Furthermore, the use of an unsupervised strategy avoids having 
to obtain ground-truth samples belonging to the textures object 
of interest. 

2. Materials and methods  
Fuzzy clustering is a class of algorithms for cluster analysis in 
which the allocation of data points to clusters is not "crisp" (all-
or-nothing) but fuzzy in the same sense as fuzzy logic. FC is a 
more statistically formalized method and discovers soft clusters 
where a particular point can belong to more than one cluster 
with certain probability. In FC, each point has a degree of 
belonging to clusters, as in fuzzy logic, rather than belonging 
completely to just one cluster. Thus, points on the edge of a 
cluster may belong to the cluster to a lesser degree than points in 
the centre of cluster. In fact, given the random and irregular 
nature of the textures object of this study, we sometimes find 
that the histograms of the intensity levels for different spectral 
bands belonging to textures show overlapping prominences. 
This implies that, in these cases, a given pixel or group of pixels 
may be classified either as belonging to more than one of the 
classes that define the texture and present overlap. That 
membership is determined by what is called in fuzzy logic 
precisely as membership degree. On other occasions, such 
histograms prominences are manifested separately, in whose 
case the pixels or pixel groups are unquestionably associated 
with a unique class of texture (Zimmermann, 1991).  

Due to use an unsupervised strategy we avoid having to obtain 
field samples belonging to the texture object of interest. Thus, 
for the clustering phase, we have a number of unclassified 
samples and we only need to establish the number of classes in 
which the set of samples has to be split. 

3 

design and develop of an unsupervised classification strategy 
based on the Fuzzy Clustering (FC) method is presented. The 
FC classification technique has been selected for being a 
successful tested method for segmentation in external 
environments (Guijarro et al., 2008, Pajares et al., 2009). 
Furthermore, the use of an unsupervised strategy avoids having 
to obtain ground-truth samples belonging to the textures object 
of interest. 

2. Materials and methods  
Fuzzy clustering is a class of algorithms for cluster analysis in 
which the allocation of data points to clusters is not "crisp" (all-
or-nothing) but fuzzy in the same sense as fuzzy logic. FC is a 
more statistically formalized method and discovers soft clusters 
where a particular point can belong to more than one cluster 
with certain probability. In FC, each point has a degree of 
belonging to clusters, as in fuzzy logic, rather than belonging 
completely to just one cluster. Thus, points on the edge of a 
cluster may belong to the cluster to a lesser degree than points in 
the centre of cluster. In fact, given the random and irregular 
nature of the textures object of this study, we sometimes find 
that the histograms of the intensity levels for different spectral 
bands belonging to textures show overlapping prominences. 
This implies that, in these cases, a given pixel or group of pixels 
may be classified either as belonging to more than one of the 
classes that define the texture and present overlap. That 
membership is determined by what is called in fuzzy logic 
precisely as membership degree. On other occasions, such 
histograms prominences are manifested separately, in whose 
case the pixels or pixel groups are unquestionably associated 
with a unique class of texture (Zimmermann, 1991).  

Due to use an unsupervised strategy we avoid having to obtain 
field samples belonging to the texture object of interest. Thus, 
for the clustering phase, we have a number of unclassified 
samples and we only need to establish the number of classes in 
which the set of samples has to be split. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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3. Results 
The segmentation strategy was carried out over a Multispectral 
(Blue, B: 450-520 nm; Green, G: 520-600 nm; Red, R: 630-690; 
NIR: 760-900 nm) QuickBird satellite image (2.4 m pixel size 
and covers a scene of 103 km : 15.8 km x 6.5 km) in which six 
wheat fields were studied (118,912 samples in total): field A 
(27,835), field B (11,229), field C (17,114), field D (2,299), 
field E (38,493) and field F (21,942). This image  with a 16 bit 
radiometric resolution was taken in March 2009 in an area 
located in the province of Cordoba (southern Spain, Fig. 1). 
Wheat fields cover a surface range from 6.79 ha to 23.03 ha and 
all of them were naturally and highly infested by cruciferous 
weeds (mainly Diplotaxis spp and Sinapis spp). 

Centres were estimated for the whole image and each field 
separately. In addition, the ground-truth was obtained for a 
subset of pixels from the satellite image through a sampling at 
the field. Thus, the correct class (crop or weeds) was known for 
a subset of pixels in each field according to the expert criteria. 
These data are essential to compute the performance of the 
proposed clustering approach. In fact the tests reported in this 
paper have been carried out only with the pixel subset of the 
image for which the ground truth is available. Therefore for each 
pixel, the difference between the class predicted by our system 
and the class assigned by the expert (ground truth) can be 
calculated, in other words, the success percentage (percentage of 
hits) of the proposed method can be estimated. 

In a previous study, R, G, B and NIR spectral components were 
separately selected as well as all possible combination of these 
four components (R-G-B, R-G-NIR, R-B, R...). The objective 
was to identify the best and worst spectral components or 
combination of them for discriminating weed from crop pixels. 
According to the results obtained in that study, it has been 
selected the combination of the four components shown in Table 
1 since they have been the most promising. Besides, ground-
truth pixels available for each field are also shown. Table 1 
summarizes the percentage of hits of the proposed approach 
compared to the available ground truth. In the context of the 
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presented work, an error in the weed classification is worse than 
in the crop classification, since it leads to weed patches without 
control treatment and, therefore, to potential decreases of the 
crop yield. According to the results obtained, the best results are 
achieved when the NIR component is present (named N in Table 
1). Also, NIR component combined with G and B present good 
results in general. One can see that the number of ground truth 
pixels available in fields B, C and D for crop and weed classes is 
not proportional. For this reason, a relevant conclusion cannot 
be obtained in these fields. 

 
Field Samples Best combination of components 

All Crop (1340) G-N 49.15 N 51.84 
Weed (728) 75.70 73.99 

A Crop (324) G 99.69 N 58.95 
Weed (117) 31.62 91.45 

B Crop (259) G-N 97.30 N 88.42 
Weed (48) 83.33 87.50 

C Crop (20) G-N 100 N 100 
Weed (359) 62.39 64.90 

D Crop (136) G 99.26 B 100 
Weed (14) 42.86 35.71 

E Crop (560) G 99.64 N 79.82 
Weed (154) 14.93 81.17 

F Crop (41) B-N 78.05 N 78.05 
Weed (36) 52.78 52.78 

4. Conclusions 
The novelty of this work is mainly related to the image 
segmentation task and its potential extrapolation to other remote 
imagery and crops. The discrimination between crop and weeds 
is achieved by a strategy based on a Fuzzy Clustering method. 
By proposing an unsupervised classification method, weed 
pixels are distinguished from crop pixels, without a previous 
step that is time consuming and requires an expensive field 
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design and develop of an unsupervised classification strategy 
based on the Fuzzy Clustering (FC) method is presented. The 
FC classification technique has been selected for being a 
successful tested method for segmentation in external 
environments (Guijarro et al., 2008, Pajares et al., 2009). 
Furthermore, the use of an unsupervised strategy avoids having 
to obtain ground-truth samples belonging to the textures object 
of interest. 

2. Materials and methods  
Fuzzy clustering is a class of algorithms for cluster analysis in 
which the allocation of data points to clusters is not "crisp" (all-
or-nothing) but fuzzy in the same sense as fuzzy logic. FC is a 
more statistically formalized method and discovers soft clusters 
where a particular point can belong to more than one cluster 
with certain probability. In FC, each point has a degree of 
belonging to clusters, as in fuzzy logic, rather than belonging 
completely to just one cluster. Thus, points on the edge of a 
cluster may belong to the cluster to a lesser degree than points in 
the centre of cluster. In fact, given the random and irregular 
nature of the textures object of this study, we sometimes find 
that the histograms of the intensity levels for different spectral 
bands belonging to textures show overlapping prominences. 
This implies that, in these cases, a given pixel or group of pixels 
may be classified either as belonging to more than one of the 
classes that define the texture and present overlap. That 
membership is determined by what is called in fuzzy logic 
precisely as membership degree. On other occasions, such 
histograms prominences are manifested separately, in whose 
case the pixels or pixel groups are unquestionably associated 
with a unique class of texture (Zimmermann, 1991).  

Due to use an unsupervised strategy we avoid having to obtain 
field samples belonging to the texture object of interest. Thus, 
for the clustering phase, we have a number of unclassified 
samples and we only need to establish the number of classes in 
which the set of samples has to be split. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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sampling, as in the case of supervised classification methods. 
This makes an important contribution. The performance of the 
method allows verifying its viability for automatic tasks in 
agriculture based on remote image processing. 

Finally, the discrimination in more than two classes is proposed 
as future work. The aim will be to classify correctly those pixels 
which do not belong to crop and weed classes, e.g. bare soil, 
buildings and manmade structures, in a third, fourth and fifth 
classes. 

Acknowledgements 
The Spanish Government has supported this research through 
projects AGL 2011-30442-C01 and AGL 2011-30442-C02. The 
authors wish to acknowledge to the CSIC and the ESF for the 
JAE-Doc contract with the first author. The research of the 
second author was financed by CSIC-FEDER founds (JAEPre-
Program). 

References 
De Castro, A.I., M. Jurado-Expósito, J.M. Peña-Barragán and F. López-Granados. (2012). 

Airborne multi-spectral imagery for mapping cruciferous weeds in cereal and legume 
crops. Precision Agriculture, 13, 302-321. 

Frate, F., F. Pacifici, G. Schiavon and C. Solimini. (2007). Use of Neural Networks for 
Automatic Classification from High-Resolution Images. IEEE Trans. Geoscience and 
Remote Sensing, 45, 800–809. 

Guijarro, M., G. Pajares and P.J. Herrera. (2008). On Combining Classifiers by Relaxation for 
Natural Textures in Images. In E. Corchado, A. Abraham, and W. Pedrycz (Eds.) HAIS, 
LNAI 5271, pp. 345-352. 

Hanmandlu, M., V.K. Madasu and S. Vasikarla. (2004). A Fuzzy Approach to Texture 
Segmentation. In Proc. IEEE Int. Conf. Information Technology: Coding and Computing 
ITCC (pp. 636–642). The Orleans, Las Vegas, Nevada. 

Lam, E.P. (2007). Wavelet-based Texture Image Classification Using Vector Quantization. In 
J.T. Astola, K.O. Egiazarian, & E.R. Dougherty (Eds.) Proc. SPIE, Image Processing: 
Algorithms and Systems V, vol. 6497 (pp. 687–696). 

López-Granados, F. (2011). Weed detection for site-specific weed management: mapping and 
real-time approaches. Weed Research, 51, 1-11. 

Maillard, P. (2003). Comparing Texture Methods through Classification. Photogrammetric 
Engineering and Remote Sensing, 69, 357–367. 

Pajares, G., and Cruz, J.M. (2007). Visión por Computador: Imágenes digitales y aplicaciones 
(2nd ed.). Madrid: RA-MA. 

Pajares, G., M. Guijarro, P.J. Herrera and A. Ribeiro. (2009). Combining classifiers through 
fuzzy cognitive maps in natural images. IET Computer Vision, 3, 112–123. 

Zimmermann, H.J. (1991). Fuzzy Set Theory and Its Applications. Kluwer Academic Publishers: 
Norwell, MA, USA. 



   

 

First RHEA International Conference on 
Robotics and associated High-technologies 

and Equipment for Agriculture  
Hosted by the University of Pisa  

Pisa, Italy, September 19-20-21, 2012

TOPIC No 1.1 
 
Hurdles to overcome in the development of spatially variable 

weed control (patch spraying) 
 

Peter Lutman 
 

Rothamsted Research, Harpenden, Hertfordshire, AL5 2JQ. UK  
(email peter.lutman@btinternet.com) 

 
Keywords:  weed management, herbicide, weed thresholds, 
herbicide application  

 
Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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____________________________________________________________ 
A BST R A C T : In the context of weed detection in crop-fields for 
site-specific weed control, the first step is to identify and count 
crop rows for a further successful discrimination of weeds. In 
this work, an accurate object-based image analysis (OBIA) 
methodology based on a looping procedure has been developed 
for the classification of crop rows in a maize field at early 
phenological stage. The rule-set algorithm combined several 
contextual, hierarchical and object-based features and reached 
very satisfactory results. 

___________________________________________________ 

IN T R O DU C T I O N 

Current agricultural production requires the use of herbicides 
as an essential tool to maintain the necessary quality and 
quantity of agricultural production demanded by the 
population. Costs on herbicides rose in 2008 in the European 

for insecticides and 
fungicides together (www.aepla.es). Associated environmental 
and economic concerns in different administrative areas have 
led to the creation of European policy such as Directive 
1107/2009 (Directive 2009) for the Commercialisation of Crop 
Protection Products and Regulation 2009128/EC (Regulation 
2009) for the Sustainable Use of Pesticides. This Directive 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

2 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

includes such key elements as reductions in applications and 
the utilisation of adequate doses according to the weed 
infestation. Both components are part of the agronomical basis 
of site-specific weed management (SSWM), in particular, 
those methods based on herbicide application. These SSWM 
methods consist of customising herbicide treatments depending 
on the zone infested (weed spatial position), presence-absence 
of weeds or groups of weed seedlings (e.g. grass vs broad-
leaved or herbicide-resistant weeds) (Srinivasan, 2006). 

Remote sensing technology is a major source to obtain crop 
spatial information and to create timely and accurate weed 
infestation and control maps to be used by site-specific 
machinery or by a fleet of autonomous robots (López-
Granados, 2011; López-Granados et al., 2006). The new 
generation of remote platforms known as Unmanned Aerial 
Vehicles (UAV), are specially appropriate for SSWM because 
they can operate at low altitudes and, thus, capture images at 
the very-high spatial resolution needed for distinguishing the 
weed seedlings at early stages for in-season post-emergence 
treatments. Classification methods based only in pixel 
information are very limited when spectral properties of weeds 
and crop are very similar. To solve this limitation, object-based 
image analysis (OBIA; Blaschke, 2010) might be the optimum 
way to discriminate both classes. OBIA identifies spatially and 
spectrally homogenous units (objects) created by grouping 
adjacent pixels according to a procedure known as 
segmentation, which allows to obtain, firstly, an image with 
vegetation (crop and weeds) and soil background, and then, 
zones corresponding to crop plants and weeds (Burgos-Artizzu 
et al., 2009).  

In early phenological stages, the main potential to differentiate 
weed characteristics are position-localisation, form, texture and 
size of weeds when they emerge between the crop rows. This is 
especially effective in crops with clearly separated rows (such as 
maize). Therefore, this work describes an OBIA method 
developed for the automatic definition of crop rows within a 
maize field in early-season, in which several object and 
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contextual features such as object shape, main direction, angle 
between objects and relative position between objects are 
combined to define a looping rule-set algorithm. This is the first 
step for a further discrimination and mapping of weeds found in 
the maize field. 

M A T E RI A LS A ND M E T H O DS  

A set of aerial images was taken in 2011 on a maize field 
located in Arganda (Madrid, Spain) just when post-emergence 
herbicide or other control techniques are recommended (mid-
May in the site conditions). The maize field was naturally 
infested by Amaranthus blitoides (broad-leaved weed) and 
Sorghum halepense (grass weed; Fig. 1a). The images were 
collected with a 6-channel multispectral camera model Tetracam 
mini-MCA (Tetracam Inc., CA, USA; Fig. 1b) mounted in an 
UAV model microdrone md4-1000 provided with autonomous 
system for waypoint navigation (Fig. 1c). The flight altitude was 
30 m above ground level, yielding 16 images ha-1 of 2-cm 
spatial resolution (Fig. 1d). The channels were configured with 
independent bandpass filters (Andover Corporation, NH, USA) 
with centre wavelengths at 530, 550, 570, 670, 700, and 800 nm.  

The eCognition Definiens software was used to segment the 
multi-band images and to develop the rule-set algorithm for the 
detection of the crop rows. The procedure combines several 
scene-, contextual- and object-based features derived from: 1) 
field structure, 2) crop pattern and orientation, 3) hierarchical 
relationships based on different segmentation scales, 4) 
neighbouring relationships based on distance, position and angle 
between objects, and 5) plant (crop and weeds) characteristics, 
such as spectral properties (NDVI values) and plant dimensions. 
To evaluate the algorithm, an on-ground sampling consists of 
placing 49 square frames (1 x 1 m) in a grid of 12.5 x 12.5 m 
was carried out (Fig. 1d, upper right corner in white). Every 
frame was photographed and georeferenced in order to record 
weed cover and weed species emergence. 
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placing 49 square frames (1 x 1 m) in a grid of 12.5 x 12.5 m 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Fig. 1. a) Patches of grass weed seedlings (Sorghum halepense) 
in maize crop; b) 6-channel multispectral camera; c) UAV 
flying; d) aerial image (color-infrared composition) collected by 
the UAV at 30 m altitude, showing a sampling square frame 
(upper right corner in white). 

R ESU L TS  

The OBIA procedure developed for the identification and 
classification of crop rows was divided into the next phases:  

1) Calculation of row orientation: This parameter was computed 
from the statistical value "mean of main-direction" of all the 
objects segmented at the upper level (scale 100). 
2) Discrimination between objects of vegetation and bare-soil: 
The image was then sub-segmented to a lower level (scale 10) 
and the objects were classified according to NDVI values. In 

 
bare-soil to NDVI < 0.2 (Fig. 2a).  
3) Identification and classification of crop rows: A looping 
process was built to define one row after another. Firstly, a seed-
object belonging to each crop row is selected and, afterwards, 
the complete row is drawn by following the row orientation. 
Previously, a customized merging operation was performed 
between vegetation-objects that fulfil the next rule: two 

b) a) 

c) d) 
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candidate vegetation-objects are merged only if the length/width 
ratio of the target object increases after the merging. Next, the 
seed-object within each row is selected for being the largest 
vegetation-object whose main-direction was the closest to the 
row orientation. Finally, the seed-object grows in both directions 
by performing a looping merging process in which every 
candidate object is selected for having the angle to the seed-
object closest to the row orientation angle. To avoid infinite 
looping, each row must be separated by a gap between each 
other defined by the crop planting distance (e.g., 75 ± 15 cm in 
maize crops), which makes the algorithm to finish when the last 
row reaches the limits of the parcel (Fig. 2b). 
 
The algorithm identified and counted the maize rows with 100% 
accuracy, except in the extreme of some of the images mainly 
due to the short size of rows (Fig. 2c). Weeds were successfully 
discriminated (accuracy higher than 95%) in low weed 
infestation frames; however decreased in frames with moderate 
or high weed infestation (research still in progress 
 

    
 

Fig. 2. Partial views of the outputs obtained from the eCognition 
Developer 8 software working the rule-set algorithm: a) 
classification of objects corresponding to vegetation (crop and 
weeds, in green) and bare soil (in white); b) the objects within 
the crop row are merged to create a single object (in red), gap 
defining the crop planting distance (in green) and rest of the 
crop (in blue); c) final classification: weeds (in green), crop row 
(in red) and bare soil (in white). 

a) b) c) 
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The eCognition Definiens software was used to segment the 
multi-band images and to develop the rule-set algorithm for the 
detection of the crop rows. The procedure combines several 
scene-, contextual- and object-based features derived from: 1) 
field structure, 2) crop pattern and orientation, 3) hierarchical 
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frame was photographed and georeferenced in order to record 
weed cover and weed species emergence. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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C O N C L USI O NS 

The OBIA procedure was able to classify crop rows by means 
of: 1) calculation of row orientation; 2) discrimination between 
objects of vegetation and bare-soil according to NDVI values; 
and 3) identification and classification of crop rows by 
combining several scenes, contextual, hierarchical and object-
based features in a looping structure. Next investigations will go 
on the detection and mapping of small weed and crop plants. 

Acknowledgements  
This research was partly financed by Projects AGL2011-30442-
CO2-01 (MINECO , F EDER Funds) and RHEA (NMP-CP-IP 
245986-2, EU-7th F rame Program); research of Dr. Peña-
Barragán and Ms. de Castro was co-financed by CSIC and 
F EDER funds (JAEDoc and y JAEPre Programs, respectively). 
Authors thank to Dr. Kelly for providing her laboratory 
facilities at University of California (Berkeley, USA), and Juan 
J. Caballero-Novella for his valuable help in the field work.  

References 
Aepla: www.aepla.es. Asociación Española de Plaguicidas (Spanish Soc. Pesticides). 
Blaschke, T. (2010). Object based image analysis for remote sensing. ISPRS Journal 

of Photogrammetry and Remote Sensing, 65, 2-16 
Burgos-Artizzu, X. P., A. Ribeiro, A. Tellaeche, G. Pajares and C. Fernández-

Quintanilla (2009). Improving weed pressure assessment using digital images 
from an experience-based reasoning approach. Computers and Electronics in 
Agriculture, 65, 176-185. 

Directive 2009/128/EU of the European Parliament and of the Council of 21 and 
October (2009). Establishing a framework for Community action to achieve the 
sustainable use of pesticides. Web Page: http://eur-lex.europa.eu. 

López-Granados, F., M. Jurado-Expósito, J. M. Peña-Barragán and L. García-
Torres. (2006). Using remote sensing for identification of late-season grass 
weed patches in wheat. Weed Science, 54, 346-353. 

López-Granados, F. (2010). Weed detection for site-specific weed management: 
mapping and real time approaches. Weed Research, 51, 1-11.  

Regulation (2009). Regulation EC no 1107/2009 of the European parliament and of 
the Council of 21 and October (2009). Concerning the placing of plant 
protection products on the market and repealing Council Directives 
79/117/EEC and 91/414/EE C. Web page: http://eur-lex.europa.eu 

Srinivasan, A. (2006). Precision Agriculture: An Overview. In: Handbook of 
Precision Agriculture: Principles and Applications.  (ed. A. Srinivasan), Food 
Products Press. The Haworth Press. New York, 3-18. 



   

 

First RHEA International Conference on 
Robotics and associated High-technologies 

and Equipment for Agriculture  
Hosted by the University of Pisa  

Pisa, Italy, September 19-20-21, 2012

TOPIC No 1.1 
 
Hurdles to overcome in the development of spatially variable 

weed control (patch spraying) 
 

Peter Lutman 
 

Rothamsted Research, Harpenden, Hertfordshire, AL5 2JQ. UK  
(email peter.lutman@btinternet.com) 

 
Keywords:  weed management, herbicide, weed thresholds, 
herbicide application  

 
Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

1. Introduction

2. Materials and methods  
2.1 Locations and imagery 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

2.3 AUGEO software and processing 

2.4 Co-registration accuracy 

3. Results and conclusions
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 



263

2. Materials and methods 

2. Materials and methods 



264

 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012
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(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

3. Results and discussion 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

Acknowledgements 
This research was partly financed by AGL2011-30442-CO2-01 Project 
(Spanish Ministry of Economy and Competition, FEDER Funds) and 
RHEA Project (ref.: NMP-CP-IP 245986-2, EU-7th Frame Program); 
research of Dr. Gómez-Candón was financed by RHEA project; research 
of Dr. Peña-Barragán and Ms. de Castro was co-financed by CSIC and 
FEDER funds (JAE-Doc and JAE-Pre Programs, respectively. Authors 
thank Mr. Caballero-Novella his very helpful software support and field-
work assistance. 

References 
Conference on Pests and 

Diseases, Brighton, UK

 Precision Agriculture

Precision 
Agriculture

Proceedings of the 10th 
Symposium of the European Weed Research Society (EWRS),

Weed Research

Lecture Notes in Computer Science. 

. Environmental Practice

Journal of Field Robotics,

In Proceedings of the International Geoscience and Remote 
Sensing Symposium (IGARSS).



Session 2:
Weed-Crop discrimination





   

 

First RHEA International Conference on 
Robotics and associated High-technologies 

and Equipment for Agriculture  
Hosted by the University of Pisa  

Pisa, Italy, September 19-20-21, 2012

TOPIC No 1.1 
 
Hurdles to overcome in the development of spatially variable 

weed control (patch spraying) 
 

Peter Lutman 
 

Rothamsted Research, Harpenden, Hertfordshire, AL5 2JQ. UK  
(email peter.lutman@btinternet.com) 

 
Keywords:  weed management, herbicide, weed thresholds, 
herbicide application  

 
Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: 
For precision agriculture purposes, use of UAV could be helpful to 
create on demand centimeter resolution multispectral ortho-images of a 
plot. This high resolution imagery can then be used for instance in weed 
detection and treatment. However to be efficient, the computation chain 
between images acquired from UAV and ortho-rectified useful data 
should be fully automatic, fast and cost efficient. This paper evaluates 
the ability of “MICMAC” freeware to support such process. It focuses 
particularly on geometric precision aspects when using multiple sensors 
(visible and near infrared, NIR). Tests were conducted on an 
experimental plot in Spain using visible and NIR sensors. It concludes 
on good results when using only one visible RGB camera and the 
standard MICMAC processing chain. Independent processing with 
MICMAC of NIR images does not lead to enough accurate geometric 
precision. Further developments are suggested to tackle this issue. 

1. Introduction 

Recent technological advances have made possible the site specific 
management of agricultural crops (López-Granados, 2011). The RHEA 
project (EU-7th Frame Program) is focused on the design, development, 
and testing of a new generation of automatic systems for precision 
agriculture and, in particular, for site specific weed management 
(SSWM). RHEA aims the application of precision agriculture strategies 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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by using a fleet of small, heterogeneous robots –ground and aerial– 
equipped with advanced sensors, enhanced end effectors and improved 
decision control algorithms. One of the main tools of the project is the 
weed detection using Unmanned Aerial Vehicle (UAV) remote 
imagery. However, UAV image series ortho-rectification and mosaic is 
a time consuming process. There have been a lot of research efforts on 
automatization of the geo-referenciation and mosaicking processes for 
UAV imagery (Xiang & Tian, 2011; Gómez-Candón et al, 2012). 

SIFT (Scale Invariant Feature Transform) is an algorithm developed to 
extract distinctive invariant features from images. A large number of 
features can be extracted from typical images with efficient algorithms 
(Lowe, 2004). Since it was developed, many efforts have been done on 
the SIFT application over UAV image series (Xing & Huang, 2010; 
Barazzetti et al, 2010). MICMAC (Pierrot-Deseilligny & Paparoditis, 
2006) is an open-source software (http://www.micmac.ign.fr) 
specialized in image matching, based on command line tools. 
MICMAC is composed by four main steps. First, the computation of tie 
points using PASTIS tool based on SIFT algorithm. The second step is 
to use APERO (Pierrot-Deseilligny & Cléry, 2011) tool and the 
calculated tie points for the calibration and the orientation of images. 
The next step is to use MICMAC tool for the automatic matching, 
computation of a digital elevation model (DEM) and ortho-rectification 
of images, based on multi-correlation techniques and multi-resolution 
approach, and finally mosaic ortho-rectified images for a global geo-
referenced image through PORTO tool. MICMAC needs in input only 
ground control points and overlapping images and can produce 
automatically in a small amount of time a mosaic of the plot. This near 
“real time” aspect is important so that the weed detection and treatment 
could start a short time after the flight. 

The aim of this study was to compute the accuracy of the ortho-mosaics 
done by MICMAC free software and to assess their capability to be 
used for SSWM. The specific objectives are to calculate their accuracy 
depending on the selected method of orientation estimation. And the 
second specific objective is to test the accuracy between visible and 
NIR mosaics, in order to see if they are able to be overlapped. 

2. Material and methods 
The studies were conducted in the province of Madrid (Spain). One 
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weed infested maize plot, of about 1 ha was selected, named Arganda. 
The coordinates (UTM System, 30-N) of the centre of the plot were X = 
458757 m, Y = 4462724 m. The ground is flat (average slope <1%). At 
the study plot, the images were taken from a Mikrokopter Hexakopter 
UAV (Fig. 1) equipped with two twin Sigma DP2x cameras, one visible 
(Red-R, Green-R and Blue-B bands) and the other was modified to 
register into the NIR band (Rabatel et al, 2011). The DP2x camera is 
built on a foveon sensor of 2640*1760 pixels*3 layers. This multilayer 
sensor ensures that raw DN given in each band (R, G and B) is issued 
from the same pixel (and not interpolated between pixels like with 
bayer matrix sensors). This is important to ensure that multispectral 
indices are coherent. The matter is then to overlay the NIR to the visible 
bands with a geometric accuracy comparable to the image pixel size. 

Fig. 1. UAV used, left and study area, right. 

Over the whole field, artificial GCPs (Ground Control Points, formed 
by 0.40m  squared targets) were placed using a grid of about 12.5* 
12.5m. GCPs were geo-referenced using a LEICA 1200 RTK DGPS. 
Up to 20 GCPs were used for the ortho-rectification and 95 GCPs for 
the validation process to estimate the accuracy of the ortho-rectification 
and mosaicking procedure. Two series of 100 images at 30m flying 
altitude (corresponding to a pixel size of 0.019m on the ground), 100 
per visible and 100 per NIR were taken using a GPS based trigger 
included on the UAV. A support compensates the roll and nick 
movements of the UAV to ensure that each image is taken with a nearly 
nadiral view. The overlap between images is at least 60% on the same 
line and 30% between lines so that a DEM can be computed (each point 
of the plot is seen at least on two images). 

Images were processed in order to ortho-rectify and mosaic them using 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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MICMAC software to create a unique ortho-mosaic of the entire plot. 
Three ortho-mosaics were generated, the first method is by using the 
visible-RGB series computing directly the orientation of all images, 
without having a good initial estimation of the intrinsic calibration, this 
is called Visible-direct. The other two mosaics, one visible-RGB and 
one on the NIR band, were created in two steps, initially by computing 
the orientation on a set of ten images, to compute a first estimation of 
the intrinsic calibration of the camera, and finally, the computed 
calibration is used as initial value to re-compute the orientation for all of 
the images (called Visible-re and Near-Infrared-re respectively). Once 
the ortho-mosaics were generated, the root mean square error (RMSE) 
of every validation GCP and the mean RMSE were calculated in order 
to assess the accuracy of each ortho-mosaic. With the purpose of 
compare error differences inside each image, a RMSE maps were 
computed by using the error of every single geo-referenced validation 
GCP. Furthermore, the overlapping error between Visible-re and Near-
Infrared-re ortho-mosaics was calculated by measuring the Euclidean 
distance between common points. 

3. Results and discussion 
Results shown that there is an improvement in accuracy when doing a 
previous orientation of the images 0.016m and 0.400m for the Visible-
re and the Visible-direct respectively (Table 1). Best results are shown 
for the Visible-re, and the RMSE (0.016m) was close to the pixel size of 
the image (0.019m). Regarding to comparison between the Visible-re 
and Near-Infrared-re mosaics, geo-referenciation error seems to be 
higher for the Near-Infrared-re (0.035m) than the Visible-re (0.016m). 

The ortho-mosaics generated by using MICMAC are shown on Figure 
2. Results shown a noticeable good image matching in the center, while 
distortion problems exist at the borders of the mosaic in visible and 
NIR, also there are some color differences in each of the two mosaics 
which can be solved by color rectification. These geometric errors could 
be explained by the DEMs used. The proposed automated procedure 
computes two DEM, one for each series of image. The visible images 
with 3 bands and a high level of texture leads to a more precise DEM 
than the one computed with the monochromatic and less textured NIR 
images. Also all these DEM are less precise on the external part of the 
mosaic leading to observed distortion. Regarding to RMSE distribution, it 
does not follow any recognizable pattern. Apparently, RMSE has to be 
lesser in the center area where the image matching is better, but results do 
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not support it. 

The assessed overlapping accuracy was 0.033m which is more than one 
pixel. This accuracy is not enough to compute vegetation indices like 
NDVI with pixel size accuracy (required accuracy should be enough to 
detect weed leaves that have about 2cm large). 

   
Fig. 2: MICMAC Ortho-mosaics, Visible-re (left), Visible-direct (middle) and 

Near-Infrared-re (right). Green circles show the RMSE of each validation point, the 
bigger the circle the higher the error. 

3. Conclusions 
Use of MICMAC software is able to make ortho-mosaics on 
agricultural areas using a set of visible or a set of NIR images. When 
using MICMAC software it is advisable to use an iterative process with 
a first approximation of the orientation of the images. The computed 
RMSE for the Visible-re and Near-Infrared-re was under crop row 
spacing of maize (0.40m), which is enough to crop line detection. 

These overlapping errors are mainly due to the automatic computed 
DEM accuracy. To overcome this problem several ways could be 
explored: First, the use of an external known DEM of the plot. This 
approach is convenient if the crop is not high so that DEM and DTM 
can be considered as equivalent. Secondly, the use of the DEM 
computed with the visible images to ortho-rectify the NIR images. This 
approach impose that all bands are acquired simultaneously so that all 
the processes could be automatically chained in a short amount of time. 
Finally, to perform an initial precise matching between visible and NIR 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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images, leading to 4 bands images, before entering the other 
photogrammetric steps needed for ortho-rectification. This approach is 
classic on many multi sensor devices, its weakness is to increase the 
number of image transformations 

The RHEA team should explore these approaches with different crops 
(variety, height, etc.) to improve the automatic processing of the 
acquired multispectral multi sensors images using MICMAC freeware. 
Another issue to tackle in the project is the automatic detection of 
ground control points in the image (using known referenced targets) so 
that the full process from UAV image acquisition to treatment device on 
the field would be fully automatic. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: Weed control in the in-row area of row crops, 
requires knowledge about the location of individual plants. In-
row weeding is used for weed control in transplanted crops like 
lettuce where plant size can be used to discriminate between 
crop and weed plants. Some crop plants are placed in a regular 
pattern, this pattern and whether a specific plant is a part of this 
pattern can be used to discriminate between crop and weed 
plants. The idea which is investigated in this paper is that a row 
score for each observed plant is calculated based on the relative 
position of neighbor plants. Three different row scores are 
described and tested for recognizing a repeated row structure. 
The three scores all give a measure of how well the current plant 
follows the expected row structure by investigating the expected 
locations of neighbor crop plants. The testing is conducted in a 
simulated environment where random fields with a certain row 
structure are constructed and the suggested measures are 
evaluated using the constructed artificial fields. The suggested 
measures were used to recognize crop plants based on their 
relative position to other plants in the field. An estimate of the 
performance of the best achieving context based classifier is 
determined based on the weed pressure and the crop position 
uncertainty.  
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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1. Introduction  

Machine vision systems for discrimination between crop and 
weed plants are often based on plant shape features (Weiss, 
2007). In row crops with a well-defined structure in the row, e.g. 
fixed distance between neighboring crop plants, the row 
structure can be exploited and give information about where 
crop plant and weed plants are located. One approach is to add a 
number to each observed plant which describes how good that 
plant fits into the known row structure based on the position of 
nearby plants. In this paper different row scores are evaluated in 
a simulated environment. 

This approach based on row scores for crop localization is 
suitable for machine vision systems like the one used on the 
Robovator (www.visionweeding.com). The Robovator has one 
camera mounted above each row. Crop plants are recognized 
based on their size. This is a commercial system used by organic 
farmers for lettuce production. 

A machine vision system that should use the suggested context 
features must be able to determine the location of individual 
plants. If there is no overlap between individual plants (both 
crops and weeds), the center of mass of the located vegetation 
regions can be used as plant positions. When plants overlap, 
which they tend to do at a high weed pressure the center of mass 
approach is useless and a different approach is needed, e.g. plant 
locations can be determined by locating individual leaves 
(Midtiby, 2012a). 

Recognizing plants based on the row structure and the observed 
plant locations requires a recognizable crop plant pattern. Crop 
plants seeded with an inter plant distance above 10 cm and with 
a fixed distance between neighboring crop plants can be used. 
Sugar beets, chicory and maize are all examples of crops that 
can be cultivated with a clear row structure.  
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2. Materials and methods 
 

2.1 Definition of row structure 
The basic property of a row structure that is used in this paper is 
the following. Given the position of one crop plant the position 
of the next crop plant can be predicted. An example of such a 
row structure is shown in figure 1. The characteristic part of the 
row structure is the distance between neighbor crop plants. The 
quality of the row structure is partly determined by the seeder 
and its ability to place seeds evenly spaced along the row. 

 

 
Fig. 1: Example of row structure in sugar beets.  

 

2.2 Simulated field environment 
In the simulated field environment the location of crop and weed 
plants can be sampled from random distributions which describe 
the field conditions. Each plant location is described with a two 
dimensional coordinate. Weed plants are placed uniformly 
within the simulated field and crop plants are placed along a 
straight line with a fixed distance between neighboring crop 
plants. 

The expected distance between neighbor crop plants is d and the 
uncertainty in the position in both the x and y direction is 
denoted. The number of weed plants is determined from the 
weed density which is the number of weed plants per square 
meter.  

2.3 Offset from expected neighbor location  
The offset score is based on the assumption that the plant under 
considerations is placed on a grid location and then the next N 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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crop locations according to the grid is investigated. For each of 
these locations is the plant nearest the location found and the 
distance, D, between that plant and the grid location is 
determined. The found distance is converted to a score using the 
equation  

 

where P is the power the distance is raised to. The scores for 
each of the grid locations are added together and the position 
score for the lth plant can be expressed as  

 

 

2.4 Position score 
The position score is based on the same assumption as the offset 
score. The only difference is that the found distance is converted 
to a score using the following equation  

 

where S is a weighting parameter.  
The scores for each of the grid locations are summed and the 
position score for the lth plant can be expressed as  

 

 
 
2.5 Bayes score 
The Bayes score is an attempt at improving the position score. 
The main issue with the position score is seen when the crop 
plant under investigation is far away from the expected crop 
location. In this case will all the investigated neighbors seem to 
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be away from their expected locations and this will result in a 
relative low position score of the examined plant. The Bayes 
score is defined as the maximum position score that is based on 
the current plant and its N neighbors where the origin of the 
pattern can be placed without constraints. A similar measure 
was introduced in (Åstrand. 2005). 
  

2.6 Overlap estimation 
After a row membership score has been calculated for each 
plant, the quality of the row membership score can be quantified 
by looking at the overlap between scores from crop and weed 
plants respectively. The estimated density plots of crop and 
weed plants are shown in figure 2. 
  

 
Fig. 2: Row membership scores of crop and weed plant 
populations shown in green and red respectively. The shaded 
area is the overlap between the two distributions. A good row 
membership score has a low overlap. 
 
A method that only uses context information to recognize crop 
plants has its performance limited by the weed density, , and 
the rigidity of the crop plant pattern (measured by the crop plant 
position uncertainty ). These measures can be combined to the 
normalized weed pressure, , which is defined as  
  

2. Materials and methods 
 

2.1 Definition of row structure 
The basic property of a row structure that is used in this paper is 
the following. Given the position of one crop plant the position 
of the next crop plant can be predicted. An example of such a 
row structure is shown in figure 1. The characteristic part of the 
row structure is the distance between neighbor crop plants. The 
quality of the row structure is partly determined by the seeder 
and its ability to place seeds evenly spaced along the row. 

 

 
Fig. 1: Example of row structure in sugar beets.  

 

2.2 Simulated field environment 
In the simulated field environment the location of crop and weed 
plants can be sampled from random distributions which describe 
the field conditions. Each plant location is described with a two 
dimensional coordinate. Weed plants are placed uniformly 
within the simulated field and crop plants are placed along a 
straight line with a fixed distance between neighboring crop 
plants. 

The expected distance between neighbor crop plants is d and the 
uncertainty in the position in both the x and y direction is 
denoted. The number of weed plants is determined from the 
weed density which is the number of weed plants per square 
meter.  

2.3 Offset from expected neighbor location  
The offset score is based on the assumption that the plant under 
considerations is placed on a grid location and then the next N 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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If crop plants are identified as the plants closest to the known 
seeding location, the crop recognition rate is given by  

. 
This is derived in (Midtiby et al., 2012b). 
 

3. Results and conclusions 
Artificial fields with 1000 crop sowing locations and an 
upgrowth ratio of 0.7 were used for the following experiments. 
The three row membership scores have been compared under 
different weed pressures and crop location uncertainties. The 
offset score had a higher overlap than both the position score 
and the Bayes scores. When the number of investigated 
neighbors is low position scores and Bayes scores have similar 
overlaps, when the number of neighbors is increased the Bayes 
score is doing better that then position scores. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: This paper presents a computer vision system that is 
able to discriminate between weed patches and crop rows in 
real-time, from videos taken directly from a tractor moving 
through the field. Weed/crop discrimination is highly simplified 
thanks to video stabilization. We present a simple but effective 
variant of the inverse compositional algorithm for image 
alignment, and show that on our videos, our optimized version 
of the algorithm performs just as well as key-point matching 
methods, while being up to 2x faster. Once the video stabilized, 
crop rows remain almost constant through short periods of time, 
and be detected by a simple image processing. We tested our 
approach on several videos, taken in different maize fields on 
different dates, and presenting a variety of weed/crop 
conditions. Our final approach achieves a mean recognition of 
84% on weeds and 91% on crop pixels, improving on our 
previous work 9% and 29% respectively. 

1. Introduction 
   Real-time weed/crop discrimination is a desired outcome in 
many applications of precision agriculture. This paper presents a 
computer vision system that is able to discriminate between 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

2 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

weed patches and crop rows in real-time, through prior video 
stabilization. 
   We present a simple but effective variant of the inverse 
compositional algorithm for image alignment introduced in 
(Baker and Matthews, 2001, 2004). This direct method has 
fallen out of use, in favor of interest point matching methods, 
such as the widely used Scale-Invariant-Feature-Transform, 
SIFT, (Lowe 1999). Although it is true that SIFT outperforms 
direct registration methods on standard, rich images, it does not 
so on less structured images, and especially in continuous video. 
Homogeneous images such as those of a crop field make the 
correct matching of interest points difficult. Also, in a video 
running at 25 frames per second, the change across frames is 
small, and therefore direct registration methods work well. We 
show that on our videos, our optimized version of the inverse 
compositional algorithm performs just as well as SIFT, while 
being up to 2x faster, running at 40 fps in a single core CPU.  
   Once stabilized, crop rows remain almost constant through 
short periods of time, and weeds can therefore be discriminated 
by their position between crop rows and their movement across 
frames by a simple image processing. 

2. Materials and methods  
   Section 2.1 introduces the proposed variant to the Inverse 
Compositional Algorithm for image alignment, while Section 
2.2 outlines the image processing for weed/crop discrimination. 

2.1 Inverse Compositional Algorithm 
   The first step of the proposed method is to stabilize the video. 
Each frame is registered to its next using an optimized version 
of the inverse compositional algorithm for image alignment, 
introduced in (Baker and Matthews, 2001).  
   The input to the alignment algorithm is a reference image 

and a transformed version of , denoted by I. The goal is to 
recover a transform ,where  denotes application 
of the transform T to the image I. We assume that the transform 
T comes from a known set of continuous transforms with k 
degrees of freedom. We also use ( ) to denote an operator 
on two transforms.  
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   Let  denote  applications of T. The key behind direct 
approaches to estimating a transform T is the assumption that for 
small , the following holds: 

                           (1) 
   Here,  is the first order approximation of ,  

, see Fig. 1. This linearity assumption is 
directly related to the smoothness of the manifold, which in turn 
is related to the smoothness of the image itself. Smoothing 
images prior to applying the method makes (1) more accurate. 
However, smoothing an image results in a loss of information, 
so the amount of smoothing has to be chosen carefully. 

 
Fig. 1. Direct methods for image alignment assume that applying a small 

amount  of a transform T can be represented reasonably well by a first (or 
second) order approximation. can be fractional. 

 
   Let  represent a set of k basis transforms, such that any 
transform can be written as . Applying 
equation (1) and dropping higher order terms, we get: 

                                 (2) 
where  is a  matrix with each column k set to 

. Given (2) and combining it with (1) we finally get:        
                                                                          (3) 
   See Fig. 2 for a visualization of equation (3).We can solve for 

 using least squares. To ensure the estimation is well 
conditioned we perform Tikhonov regularization, encouraging 
small :  

                  (4) 
   Here  is the k x k identity matrix and  is a small constant 
set to  in all reported experiments. Finally, given , we can 
compute .  
   The procedure described above can be improved further by 
warping I according to the recovered transform T to yield 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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, then solving with  in place of I. This gives a new 
transform such that  . 

 
Fig. 2. A visual demonstration of equation (3).The derivative images , 

combined using , give rise to the difference . Given ,  and I, least 
squares can be used to compute . 

 
   The recovered transform after two steps is the composition 

 and this procedure can be iterated until convergence (in 
practice only a few iterations are necessary). Note that in each 
iteration we must recompute , which can be fairly costly. To 
avoid this computation, we can reverse the role of and I,  
solving for a transformation ,  and then applying the 
inverse transform  to I at each iteration. The resulting 
approach is identical except  needs to be computed only 
once. As a result, the above algorithm is quite fast and can be 
implemented in about a dozen lines of code. 
 
2.2 Image processing for weed/crop discrimination 
   The homographies computed using the Inverse Compositional 
Algorithm provide information on the displacement that 
occurred between two frames, and can therefore be used to align 
frames on top of each other. By doing this, all jumps in the 
image coming from tractor jolting or sudden lateral 
displacements are smoothed. Since the tractor travels parallel to 
the crop rows, the result is that in a stabilized video crop rows 
position is more stable, see top row of Fig. 3. Therefore, after 
vegetation is segmented from images (using the same approach 
as in Burgos-Artizzu et. al., 2011), crop rows can be detected 
with a simple AND operation over time, leaving weeds as the 
remaining vegetation pixels (after cleaning the image). 
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Fig. 3. Crop row detection comparison with video stabilization vs. no 

stabilization on movement video sequence. Top row: accumulated image 
over the first 3 seconds of a video. Bottom row: result of AND operation 

between frame t and frames . 

3. Results and conclusions 
   Fig. 4 shows alignment results on frames from movement 
sequence, comparing the Inverse Compositional Algorithm 
(Homog) and a SIFT based image alignment. Homog is twice as 
fast, while performing similarly. Both methods can be applied at 
full image resolution or at smaller scales, for a trade-off between 
precision and speed. We use Homog at 1/4 resolution,  
which shows an alignment error only 4% superior to that of full 
resolution, while running 13x faster (40fps). 
   Table 1 shows weed/crop detection results on the same video 
sequences used in (Burgos-Artizzu et. al. 2011). The new 
method outperforms previous work in every video sequence, 
reaching an average 84% correct weed detection and 91% on 
crop, a 9% and 29% improvement respectively over (Burgos-
Artizzu et. al. 2011). The method performs in real-time, at 
approximately 30 frames per second, on a single core CPU.   
The method robustness to tractor jolting and terrain irregularities 
suggests its future possible use for automatic guidance of 
agricultural vehicles through crop row detection. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Fig. 4. Error and CPU Time comparison between SIFT and Inverse 

Compositional Algorithm (Homog) methods on 1500 576x720 frames from 6 
different videos. Error is computed as the sum of squared differences 

between aligned and target image. Both algorithms are run at 4 different 
image resolutions, to find a trade-off between speed and precision. 

Table. 1. Main weed/crop discrimination results on video sequences from 
(Burgos-Artizzu et. al. 2011) 

 
Fair2 Sowing Err Patches Movement Average 

Weed Crop Weed Crop Weed Crop Weed Crop Weed Crop 

(Burgos-Artizzu et al. 2011) 93% 83% 64% 65% 65% 70% 74% 36% 75% 62% 

Proposed approach 86% 93% 64% 88% 89% 86% 96% 98% 84% 91% 

Difference -7% +10% 0% +23% +24% +16% +22% +62% +9% +29% 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract An automation of site-specific weed management 
requires sensing of the actual weed infestation levels in 
agricultural fields to adapt the management accordingly. In this 
paper, a sensor based weed detection method is presented and its 
applicability to cereal crops is evaluated. The sensing unit 
consists of an ultrasonic distance sensor for the determination of 
plant heights. It was hypothesised that the weed infested zones 
have a higher amount of biomass than non-infested areas and 
that this can be determined by the plant height measurements. 
Ultrasonic distance measurements were taken in a winter wheat 
field infested by grass weeds and broad-leaved weeds. A total of 
120 samples of different weed densities and compositions were 
assessed at two different dates. The sensor was pointed directly 
to the ground for height determination. In the following, weeds 
were counted and then removed from the sample locations, 
before a second sensor reading was taken. Differences between 
weed infested and weed-free measurements were determined. 
Images were taken simultaneously and the coverage of weeds 
and crop were determined using image-processing methods. 
Dry-matter of the weeds and crop was assessed and evaluated 
together with the sensor measurements. RGB images were taken 
prior and after weed removal to determine the coverage 
percentages of weeds and crop per sampling point. The images 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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were transformed and thresholded to separate plants and 
background. The relationship between ultrasonic readings and 
the actual values of the crop and weed coverage was assessed 
using regression analysis. Results revealed a height difference 
between infested and non-infested sample locations. Density and 
biomass of weeds present in the sample influenced the ultrasonic 
readings.  

1. Introduction  
Automation of site-specific weed management has inspired 
many research developments. However, the sensing devices for 
weed detection are still a limiting factor for practical 
applications (Christensen, 2009). Since most of studies have 
used machine vision techniques to detect and identify plant 
species based on their shape, colour and texture features 
(Burgos-Artizzu et al. 2009; Weis and Sökefeld 2010), not too 
many efforts have been put into the development of other 
sensing systems. The concerns still are the associated cost and 
the relatively complex computations. The lack of commercially 
available systems is a major problem. The use of optical sensors 
such as optoelectronic devices that can spray weed patches 
present in fallow sites and in various wide-row crops (Biller, 
1998) has probed its possibilities. However, these sensors are 
not able to differentiate weeds from crops and the economic 
costs are still high. Previous works showed that plant height and 
biomass are important parameters that can be estimated using 
ultrasonic sensors (Reusch, 2009). Swain et al. (2009) used 
these sensors to discriminate weedy and bare spots in wild 
blueberry fields. Andújar et al. (2011) showed the potential of 
this system for weed discrimination of broad leaves and grasses 
with a great correlation between weed biomass and ultrasonic 
readings in maize crops. This study extends the previous work to 
cereal crops. It was hypothesised that the weed infested zones 
have a higher amount of biomass than non-infested areas and 
that this can be determined by the plant height measurements. 
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2. Materials and methods 

2.1 System description 

All readings were taken with a Pepperl+Fuchs UC2000-30GM-
IUR2-V15 ultrasonic sensor, pointing straight downward to the 
ground. The ultrasonic sensor measured the distance to the crop 
and weed mixture by counting the lapse time between emission 
and reception of the emitted signal. The transducer ultrasound 
frequency is approximately 180 kHz with a sensor resolution of 
0.48 mm when working in full evaluation range and divergence 
angle was established for leading to a 0.20 m diameter footprint 
when placed at a height of 0.80 m. The sensing range, according 
to manufacturer, was 80 2000 mm and the accuracy 0.1%. A 
calibration curve (1) with an R2 of 0.99 was established for 
height determination, in order to convert the relation between 
the received output signal v (ranged from 0 to 10 V) and 
distance d (m). 

                            d (m) = 7.0275 v + 29.658                       (1) 

A software was developed for ROS (Robot Operating System, 
Quigley, et al. 2009) to acquire the sensor output, converting the 
voltage into a distance. The height of the crop and weeds was 
estimated by subtracting the actual estimated distance from the 
reference distance (0.80 m). 
2.2 Experimental site and measurement procedure 

Field experiments were conducted at Ihinger Hof Research 
Station (Rennigen, Germany). Winter wheat was sown with 17 
cm of row spacing. Readings were taken at two dates, the first 
assessment was carried out on 26 and 27 March and the second 
on 9 April in order to cover different weed and crop stages. The 
field was mainly infested with Echinocloa crus-galli, Lamium 
purpureum, Galium aparine, and Veronica persica. A pre-
emergence herbicide treatment was applied prior to weed 
assessment. A total of 80 sampling points were recorded on the 
first date and 40 on the second date. Points were chosen to 
reflect different weed compositions of grasses, broad leaved and 
mixtures of both. These locations were measured by pointing the 
sensor at the centre of the sampled area for height determination. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Immediately after taking ultrasonic readings, weed and crop 
density was counted and actual height of the weed groups 
(grasses and broad leaves) was determined using a metric rule. 
Also, an RGB (red, green, blue) image was taken for weed and 
crop coverage determination. Then, all weed present in a 0.20m 
diameter circle, coinciding with the sensor footprint, were hand-
harvested, not disturbing the ground, and taken to the laboratory 
for biomass determination (dry weight basis). Finally a second 
RGB image was taken for the evaluation of the crop coverage.  

The coverage was determined before and after removal of 
weeds. It was assessed with an image processing approach. 
Images were taken with standard RGB (red, green, blue) 
cameras in the field. The area of measurement, defined using a 
circular frame, was visible in the images. This area of interest 
was defined in the alpha channel of the image, with a 
transparent background and opaque region of measurement. 
These regions were defined manually, then the image was fed 
into an automated image processing chain. The first step of the 
image processing was the calculation of the EGI (excess green 
index, EGI=2G-R-B) which leads to a grey level image with 
bright green objects (plants) and dark other objects having a 
different color. Based on the EGI a threshold was defined that 
separated the objects pixel-wise into foreground (plants) and 
background, leading to a binary image. These steps are 
visualized in figure 1. From the binary image the number of 
foreground pf and background pixels pb were counted. Only 
pixels within the previously defined area of interest were taken 
into consideration (no transparency). The ratio C = pf /(pb + pf ) 
is the percentage of plant coverage. 
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a)                      b)                     c) 

 Figure 1. Process of image analysis before and after weed 
harvesting. a) RGB image, b) greenness image and c) 

thresholded image. 

2.3 Statistical analysis 

Multiple linear regression analysis was used to explore the 
relationship between experimental parameters that explained the 
differences in ultrasonic readings for the crop-weed composition 
in the measured combinations.  

3. Results and conclusions  

Good correlations were obtained between ultrasonic readings 
and the analysed variables. Correlations were significant with 
alpha = 1%. Ultrasonic readings were well correlated with weed 
coverage reaching an R2=0.55. In the case of weed density and 
weed biomass these values were higher with a R2 of 0.63 and 
0.65 respectively. The comparison between the data obtained 
with the ultrasonic device and those obtained from the ground 
truth indicated good relationships between the two sets of data, 
with an adjustment of the model of 0.325 (Table 1). The results 
showed the potential of this technique to assess weed density 
and coverage, being ultrasonic readings good predictors of these 
agronomic parameters. In contrast, at the second sampling date, 
results did not show significant values, which implies a short 
window of time for the use of this methodology. This fact was 
due to a further plant development of the crop which almost 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

6 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

completely covered the ground. Weeds shorter than the crop are 
missed in these cases.  

Table 1. Multiple regression analysis between ultrasonic 
readings and measured coverage and biomass at first date. 

 Coefficient Standard error P-valor 
Coverage 0.029 0.011 0.009 
Biomass 0.07 0.033 0.038 
R2=0.325    

 

It can be concluded, that the presented methodology can 
determine a weed infestation as long as the wheat crop is not too 
developed. In a previous study in a maize crop (Andújar et al. 
2011) interference was avoided, since the crop plant was not 
measured (inter-row). Nevertheless, the measurement principle 
can be combined with optical sensing devices without 
interference. These sensors are relatively cheap and easy to 
integrate into real-time applications. Further experiments have 
to be conducted before market-readiness can be achieved. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: Weed mapping using proximal and remote sensing 
was developed in a cotton field, as part of an EU LIFE+ project 
(Acronym: HydroSense). The objective of the present research 
is to spatially record and map weed density using multispectral 
groundbased sensors, analyzing high resolution satellite images 
and digitally processing RGB photographs. Field work was also 
preformed involving the recording of weed species and weed 
population at a network of 30 ground points across the field. A 
GIS database was constructed containing all spatial and 
descriptive data and further spatial and statistical analysis was 
performed. NDVI maps were created and overlaid from both 
ground and satellite sensors. Field raw data in conjunction with 
image analysis performed in the photographs taken in situ, via 
MATLAB software, drove to the calculation of weed coverage 
percentages across the study field. The preliminary results of the 
analysis show correlation between field data and the estimated 
weed density values derived from NDVI maps. Early 
construction of accurate and reliable weed maps which classify 
fields into various spatial zones of different weed pressure can 
lead to better weed management optimizing environmental and 
input costs. 

1. Introduction 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Weed management consists of a crucial and demanding 
agronomic process prior and during a cultivation period. Weed 
incidents are not homogenous across fields. In fact weed 
populations generally grow in patches; however producers tend 
to apply uniform rates of agrochemicals across their fields. This 
practice suggests unjustified use of pesticides and implies extra 
costs and environmental burdens. The key point in adapting and 
balancing inputs according to weed locations is the integrated 
monitoring of weed flora in terms of time and space. Various 
studies have been conducted for sensing weeds across a field 
using image analysis methods (Tellaeche et al., 2008, Gerhards 
and Oebel, 2006), remote sensing products and vegetation 
indices ( -Granados, 2011) and GIS methodologies 
(Kalivas et al., 2010). The objective of the present research is to 
spatially record and map weed density with the combination of 
three different methodological approaches. 

2. Materials and methods 

The study area is situated in the plain of Thessaly, Central 
Greece. The research field (Gyrtoni) is sown with cotton and its 
area is 1 hectare. The field prior to sowing was soil sampled in a 
dense network for basic soil analyses including organic matter 
percentage, soil acidity, electrical conductivity etc. According to 
soil organic matter content, the field was delineated into two 
management zones (zone a and b).          

2.1 Proximal sensing data 
In June of 2011, the spaces between cotton rows were scanned 
with two multispectral sensors which were mounded on a 
tractor. The sensors were linked to a GPS capable of collecting 
differentially corrected signal with below 10 cm accuracy. Both 
sensors and the GPS were connected to a data logger in order to 
record georeferenced data. The height of the bar carrying the 
two sensors, the GPS antenna and the data logger was carefully 
adjusted to avoid conflicts with cotton canopy, which would 
have resulted in false measurements. 
readings were georeferenced reflectance measurements in red, 
near-infrared, red-edge bands and also spatial referenced values 
of the spectral vegetation indices red-edge NDVI and NDVI. 
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assigned to point entities. 

2.2 F ield work and image data collection 
When cotton was at 7-8 mainstem nodes, the actual state of 
weed distribution in the field was monitored. The predominant 
weeds recorded, were broadleaves (Datura stramonium, Solanum 
nigrum and Chenopodium album) and were at vegetative growth 
stage. The weed monitoring held in 30 preselected ground points 
inside the borders of the pilot farm. Further, for each selected 
point, the working team used 9 wooden frames (0.5 x 0.5 m 
each). These frames were placed between four adjacent rows of 
cotton; delimiting the area of the recordings. All frames were 
photographed with a D300S Nikon camera, which was mounted 
on a tripod at 1.0 m distance from ground level. Via an 
algorithm built in MATLAB software (MathWorks) and based 
on proper thresholding the images, a percentage of weed 
coverage per image was extracted. 

2.3 Remote sensing data 
For the purposes of the digital weed mapping, a set of 
WorldView-2 (WV-2) multispectral (2m pixel size) and 
panchromatic (0.5m pixel size) satellite data in 8th June 2011 
was acquired. After pansharpening the WV-2 image (Brovey 
Transform was used resulting in spatial resolution of 0.5m), it 
was carefully georeferenced with the use of a network of 20 
ground control points, which were selected in order to cover in a 
representative way the study area and be readily identifiable 
from the image. In accordance, the satellite image was 
atmospherically corrected. The area covered by the satellite 
image is of total 70 km2. 

3. Results and discussion 

The raster surface of the predicted NDVI values across the pilot 
farm of Gyrtoni that was produced via kriging from 

is presented in Fig. 1. The values 
of NDVI range between 0.129 and 0.604, with the last class 
(0.456-0.604) indicating the presence of weeds. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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According to summary statistics the mean NDVI value in 
zone b is 0.363 while in a, is 0.256 (Table 1). Indeed, zone b 
retains increased values of NDVI with a maximum of 0.604. 
Weed presence in zone b can be attributed to soil characteristics 
like organic matter content and drainage conditions and/or to 
historical increased weed infestations which imply the existence 
of weed seeds in this part of the field. 

Table 1. Summary statistics of the two management zones in 
Gyrtoni pilot farm produced by groundbased sensor readings. 

Parameter  Zone a Zone b 
Area (m2) 2673.25 6665.25 
Minimum NDVI 0.128 0.143 
Maximum NDVI  0.461 0.604 
Mean NDVI 0.256 0.363 
SD 0.08 0.09 

The results of the digital image analysis presented in Fig. 2, in 
the form of a weed cover map, verify that in zone b the 

this map, the pilot farm is delineated into three classes of weed 
coverage with the first one (15.9-23.9%) denoting zone a. The 
other two zones (24.0-39.9%) are included in zone b. It should 
be noted that the weed cover map depicts the actual state of 
weed population across the field as it is based both on field work 
and on photograph shooting.   

  
Fig. 1. Map of interpolated values 

of NDVI recorded by 
groundbased sensors. 

Fig. 2. Map of interpolated values 
of weed cover (%) from image 

analysis. 
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Fig. 3. Satellite NDVI map of 

Gyrtoni pilot farm. 
Fig. 4. Yield data of Gyrtoni pilot 

farm. 

However, a denser sampling scheme could have produced more 
accurate results based on kriging geostatistical method, 
resembling the NDVI map in Fig. 1.  
The distribution pattern of NDVI  produced by 
groundbased sensors is comparable to the one produced by the 
satellite image (Fig. 3). According to Fig. 3, the mean value of 
NDVI in zone a, is 0.245 and in zone b is 0.272. The 
classification of NDVI as derived from the WV-2 image and as 
limited to the borders of the pilot farm lacks the last class 
(0.595-1.000), which is actually met in the nearby alfalfa field. 
In fact, Fig. 1 is the product of interpolated NDVI point values 
in opposition to Fig. 3 which is the direct calculation of a 
fraction of two raster layers (red and near infrared bands). In 
consequence, the comparison of these two maps cannot be 
strictly statistical, however in both cases one can easily conclude 
that in zone b weed pressure is heavier than that in zone a, 
independently of whether weed presence supposition is coloured 
with yellow or green hues. Due to this conclusion, the weed 
management treatment ought to differentiate between the two 
zones in terms of herbicide doses.              
Yield data was recorded via a yield monitor mounted on a cotton 
picker at the end of the growing period. The yield was measured 
in point locations across the farm simultaneously with cotton 
harvesting and in retrospect with the use of geostatistical 
methods the map of Fig. 4 was produced. According to the yield 
map, the mean value of yield in zone a is 3710 Kg/ha and in 
zone b is 3824 Kg/ha. The direct linkage of weed presence, as 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

6 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012 
mapped with the three sensing systems used in this study, with 
the final yield would have rather ambiguous results as yield 
majorly depends on various factors like soil fertility, water 
availability, climatic conditions etc. It is sure though, that at the 
time of weed recording, competitive phenomena between weeds 
and cotton seedlings were suppressing cotton growth, which 
may not result in reduced yield due to farming practices.            

4. Conclusions 

Decision making when referring to weed management is rather 
unjustified and random as far as the spatial distribution of weeds 
is concerned. Indeed conventional herbicide applications are 
based on whole field approaches ignoring the fact that weeds 
grow on patches and do not cover the entire extend of a field.  
In Greece the majority of farmers follow conventional methods 
in applying agronomic inputs. Current and ongoing technology 
advances in sensing systems, permits the reliable remote 
monitoring and management of weed flora in a field scale and 
enhances the ability of producing weed distribution and 
herbicide application maps.     
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: Precision Agriculture relies on images taken by 
moving platforms as one of its main data sources. The obtained 
video sequences are unstable and, therefore, the stabilization 
stage becomes important. This paper presents a comparison 
between a previously developed method based on crop row 
detection and a new approach using the SURF algorithm. The 
obtained stabilization is successful and implies an improvement 
in areas where previous methods showed poor performance. 

1. Introduction 
Precision Agriculture aims to increase the efficiency of field 
management techniques and reduce their operating costs. 
Automation of tasks is one of the main strategies adopted and, in 
the context of the RHEA EU project, it involves the use of 
autonomous platforms to perform agricultural operations. 
Gathering of the required data relies on the use of cameras 
mounted on moving platforms (continuous sampling) and, due 
to the roughness of the terrain, Image Stabilization becomes a 
crucial step in the process. When applied to video sequences, 
stabilization consists in the measurement and removal of the 
undesired motion present between the frames of the sequence. In 
the context of Precision Agriculture, where cameras move 



302

 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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constantly through the field, stabilization cannot rely on 
permanent punctual features in the frames. 

A previous work (Sainz-Costa et al., 2011) proposes a 
stabilization method for crop fields based in the detection and 
tracking of the crop rows present in the different frames of a 
sequence. The algorithm works correctly under standard crop 
situations, but fails when there are sowing errors (absence of 
plants in one or more crop rows in a field area) or excessive 
weed infestation (in such a way that the spacing between crop 
rows is covered with weeds). 

The SURF (Speeded-Up Robust Features) algorithm (Bay et al., 
2008) is a local features detector partially based on the SIFT 
(Scale Invariant Features Transform) algorithm (Lowe, 1999) 
but faster and more appropriate for real-time applications. SURF 
based stabilization is not yet extensively applied. It has been 
used under controlled lighting conditions (indoors) and with 
frames that present clearly identifiable objects (Pinto and 
Anurenjan, 2011). 

In Precision Agriculture applications cameras are constantly 
travelling through the field (image features changing 
continuously) and present very similar features, what makes 
their identification and description more complex. In this 
context, SURF feature description may become an important 
advantage. In this paper, a comparison between the previously 
mentioned method (Sainz-Costa et al., 2011) and a SURF based 
stabilization method is carried out. 

2. Algorithm descriptions 
Video sequences of maize fields are recorded, at 25 frames per 
second (fps), with a camera mounted on a moving tractor 
(6Km/h) looking forwards and slightly to the ground. Images are 
taken under perspective, and there is no horizon line or point 
features that last over any appreciable time lapse. Independently 
of the used Stabilization Algorithm, the idea is to calculate the 
amount of undesired movement between subsequent frames of 
the video sequence in order to compensate it and obtain a 
smooth as possible sequence of frames. 
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2.1 Crop row detection based stabilization method 
The first algorithm in the comparison (Sainz-Costa et al., 2011) 
consists of three main steps: 1 – frame segmentation; 2 – crop 
rows detection and tracking, and 3 – perspective transformation 
to obtain a bird’s eye view of the crop rows, which remain 
centered on the image (stable). 

In that case, the crop rows were chosen as features to detect and 
track because of the absence of any other fixed features in the 
images. This work showed successful results for standard field 
areas, but performed much poorly in complicated areas which 
present a high weed coverage or sowing errors which prevent 
the algorithm to detect the crop rows and track them through the 
video sequence. 

2.2 SURF based stabilization method 

The SURF algorithm is composed of 2 main phases: 1 – 
detection of maxima of the determinant of the Hessian matrix 
for different scales and 2 – generation of unique descriptors for 
the points found. 

First the image is convolved with the Gaussian second order 
derivatives (at a scale ) to obtain the Hessian matrix at every 
pixel and its determinant is computed. The process is repeated 
for different scales i. The pixels where the determinant of the 
Hessian matrix is a local maximum become the keypoints. 

The second phase consists in the generation of a unique 
descriptor for each found keypoint, so that it is possible to 
identify and track them throughout the sequence. This descriptor 
is constructed using the Haar wavelet responses in x and y of the 
pixels in the neighbourhood of every keypoint. It is both, scale 
and orientation invariant. 

The proposed stabilization method works by extracting SURF 
features for a frame, storing them with their descriptors and 
finally matching them to those extracted for a subsequent frame. 
The features that correspond to the same point in the different 
frames would be aligned in a stable sequence, and therefore their 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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coordinates are subtracted to compute their change in position.  

The observed image motion can be intentional (vertical motion 
due to the camera travelling through the field) or unintended 
(horizontal oscillations caused by terrain roughness). Only 
unintended (horizontal) displacements are removed by the 
algorithm. 

3. Results 
The algorithms have been tested using three video sequences 
artificially generated to simulate the motion of a camera 
travelling through the field, but always showing a specific field 
area to test problematic situations: standard crop rows, sowing 
errors and high weed infestation. 

The distance between the central crop row and the image 
horizontal center has been represented graphically for the two 
compared algorithms in the three mentioned situations, in order 
to achieve a proper comparison between both methods. 
Artificially generated motion is also represented. Figure 1 shows 
the standard case, where both algorithms perform well. 

 
Fig. 1. Stabilization results for a standard field area where crop 

rows are easily identifiable. Both algorithms work properly. 

More complex cases follow, where weed presence is very high 
(Fig. 2) or there have been sowing errors (Fig. 3). Here the crop 
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row detection algorithm fails, and stabilization is not achieved. 
The SURF based algorithm performs with no problems. 

 
Fig. 2. Stabilization results for a field area where weed 

infestation is high. Only SURF based stabilization is successful. 

 
Fig. 3. Stabilization results for both algorithms in a 

problematic field region where there have been sowing errors. 
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(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
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systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
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being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  
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When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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4. Conclusions 
The presented results show the advantages of the SURF based 
stabilization method over the previously developed method in 
complicated situations where the crop rows cannot be easily 
identified for the artificially generated sequences. The SURF 
based method achieves full stabilization in all tested cases. 

One aim of Precision Agriculture is the automation of field 
operations. This requires algorithms that can deal with all kinds 
real situations. In this aspect, the proposed approach based on 
the SURF feature extraction algorithm is an improvement over 
the previously employed method. 

However, computation times for the SURF based algorithm are 
larger than those required by the crop row detection 
stabilization, and so must be improved to apply the developed 
method in real-time operations. 

The analysis for real video sequences recorded in the field, has 
not been finished yet. In that case, local features detected in one 
frame quickly disappear as the camera moves through the field. 
New features have to be extracted for each frame (or given 
number of frames) which generally implies higher 
computational costs. 

Acknowledgements 
This work is funded by the RHEA European Project, included in 
the EU 7th Framework Programme under contract number 
NMP2-LA-2010-245986, and by the Plan Nacional AGL2011-
30442-C02-02: Ground inspection systems in unmanned ground 
vehicles and their effective application in Weed detection for 
site-specific control (GroW) 

References 
Bay, H., Ess, A., Tuytelaars, T. and Van Gool, L. (2008). Speeded-Up Robust Features (SURF). 

Computer Vision and Image Understanding, 110, 346–359. 
Lowe, D.G. (1999) Object Recognition from Local Scale-Invariant Features. The Proceedings of 

the Seventh IEEE International Conference on Computer Vision, 2, 1150 – 1157. 
Pinto, B., Anurenjan, P.R. (2011) Video stabilization using Speeded Up Robust Features 

International Conference on Communications and Signal Processing (ICCSP), 527 – 531. 
Sainz-Costa, N., Ribeiro, A., Burgos-Artizzu, X.P., Guijarro, M. and Pajares, G. (2011) Mapping 

Wide Row Crops with Video Sequences Acquired from a Tractor Moving at Treatment 
Speed. Sensors, 11 (7), 7095 – 7109. 



   

 

First RHEA International Conference on 
Robotics and associated High-technologies 

and Equipment for Agriculture  
Hosted by the University of Pisa  

Pisa, Italy, September 19-20-21, 2012

TOPIC No 1.1 
 
Hurdles to overcome in the development of spatially variable 

weed control (patch spraying) 
 

Peter Lutman 
 

Rothamsted Research, Harpenden, Hertfordshire, AL5 2JQ. UK  
(email peter.lutman@btinternet.com) 

 
Keywords:  weed management, herbicide, weed thresholds, 
herbicide application  

 
Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: The impact of agricultural activities on the water 
quality is the consequence of the loss of fertilisers (chemical 
fertilisers, livestock effluent, also referred to as farm fertiliser, 
food-processing effluent and sludge) and crop treatment 
products (phytosanitary products). This pollution may prevent 
certain uses of water, notably its use for human and animal food 
(groundwater and surface water), and leads to a deterioration in 
aquatic environments. In the domain of vineyard precision 
spraying research, one of the most important objectives is to 
minimize the volume of phytosanitary products. It is also to be 
more environmentally respectful with more effective vine leaf 
treatments. Thus the main goal is to be sure that the spray 
reaches the target to reduce losses that occur. Mechanisms of 
losses by drift are now well known, in contrary of runoffs on the 
leaves. To enable a better decision making by the wine-grower 
in order to optimize the spraying management, it is essential to 
provide a set of information on basic parameters such as 
diameter and speed of the droplet. These last ones are used in 
the calculation of the Weber number. The Weber number is a 
dimensionless number used in fluid mechanics that is often 
useful in analysing fluid flows where there is an interface 
between two different fluids, especially for multiphase flows 
with strongly curved surfaces. It can be thought of as a measure 
of the relative importance of fluid's inertia compared to its 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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surface tension. To go further in the analysis of the droplet's 
behaviour after the impact with the leaf, the contribution of 
motion information obtained thanks to high speed imaging 
technology is a relevant solution. In the past, the different 
behaviours such as adhesion, bounce or splash were manually 
determined by the observer. Our tracking method based on 
"active contours" technic allows us to automatically detect the 
behaviour and to collect informations about the droplet in order 
to compute its Weber number.  

 

1. Introduction 

In the domain of spraying research, one of the most important 
objectives is to optimize the volume of phytosanitary products 
reaching the leaves in order to be more environmentally 
respectful with more effective plant treatments. Any product not 
deposited on the target is called wastage . Wastage includes 
drift (vapour and droplet), run-off and any off-target deposition. 
In high volume airblast applications studies show that 80 per 
cent of the product can be lost to drift and ground deposition 
(Deveau et al. 2009). Wastage not only costs time and money 
but may reduce the effectiveness of the application and increase 
the risk of environmental contamination. Thus, the main goal is 
to be sure that the spray reaches and stays on the target in order 
to reduce losses that occur at the application. Mechanisms of 
losses by drift are now well known (Schampheleire et al. 2008), 
contrary to runoffs on the leaves. These last ones are related to 
adhesion mechanisms of liquid on a surface. Specific models 
have been developed (Forster et al. 2005) and showed that the 
predominant factor is leaf roughness, for which few robust 
works and models have been carried out. In a precision spraying 
context, our work aims at analysing droplets behaviour on the 
leaves, as adhesion, bounce or splash, and to link it in a second 
stage with leaf surface features, particularly its roughness. 
Therefore, our study stands on two main parts; on one hand we 
have to perform an analysis of the surface and on the other hand 
we have to analyze the droplet and its behaviour (Fig. 1). 
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Fig. 1. Schematic diagram showing adhesion and bounce of a 
droplet (Mercer & Sweatman 2006). 

In this article we focus on analysing behaviours of the droplets. 
Depending on the air-blast sprayer used but also on the 
parameters chosen by the user, we can observe a large range of 
values for velocity and diameter of the droplet defining different 
values for kinetic energy. Diameter is between 100 and 400 µm 
and velocity is between 1 and 13 m/s (Gauvrit 1996). This 
implies a real challenge by tracking very small and high speed 
moving objects. 

The recent improvements in digital image processing, sensitivity 
of imaging systems and cost reduction have increased the 
interest in high-speed imaging techniques for spraying 
applications. 

2. Material 

At the beginning a piezoelectric system was used in order to 
generate droplets with different sizes and velocities. Although 
droplet sizes correspond to real sizes observed in spraying 
applications, velocities are lower with values under 1.25 m/s 
which are not in correlation with real values observed in the 
vineyards. In order to overcome these difficulties we choose to 
use an industrial sprayer with an appropriate kit of nozzles. In 
these conditions we get closer to real spraying conditions. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

4 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

 

Fig. 2. Scheme of the system. 

At this moment droplets are generated with appropriate sizes 
and velocities, we have now to prepare an optical system (Fig.2) 
able to get accurate values for droplet parameters and 
behaviours. A 50 mm lense is used with extension tubes, in 
these conditions distorsion can be considered as null and spatial 
resolution is enough to correctly see small droplets. Exposure 
time need to be less than 16 µs in order to get non blurry image 
and allow extraction of correct information on size and velocity. 
The main problem with this small exposure time is the need of a 
high power illumination source. A 500 W halogen was firstly 
used to bring enough illumination but it becomes also a source 
of problem with important heat release which causes leaf 
roughness deterioration. Another problem with the halogen is 
the non-homogeneity of the lighting which can be sources of 
mystakes in tracking algorithm. In order to solve these  
problems we choose to use high-power leds lighting system 
made up of tri-star led with diffuser. 

3. Methods 

Firstly we perform an inversion of the image in order to get high 
intensity values for the pixels belonging to the droplet. Then we 
apply the background subtraction which allows us to detect only 
moving objects in the scene. We have now to track these objects 
from frame to frame. In this purpose, we use a combination of 
two methods: shape matching and contour tracking. 

We consider two main stages in the video which are the times 
before impact and times after impact. Before impact, we use an 
algorithm of shape matching considering that the droplet keeps a 
circular shape.  
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We compute an area-perimeter ratio I defined as: 

  (1) 

with : area of the object, : perimeter of the object. 

If  is equal to 1, the object has a circular shape and we can 
order to take into account small deformations of the droplet. 

Once the droplet reaches the surface, it is subject to bigger 
deformations during the steps of spreading and recoiling. It is 
now not possible to use shape matching for tracking the droplet. 
We use then contour tracking technique named Active Contour, 
also known as Snake method. The development of active 
contour models results from the work of Kass, Witkin, and 
Terzopoulos (Kass et al. 1988). A snake is an active (moving) 
contour, in which the points are attracted by edges and other 
image boundaries. To keep the contour smooth, a membrane and 
thin plate energy is used as contour regularization. Basically, 
snakes are trying to match a deformable model to an image by 
means of energy minimization. The energy functional which is 
minimized is a weighted combination of internal and external 
forces. The internal forces emanate from the shape of the snake, 
while the external forces come from the image and/or from 
higher level image understanding processes. The snake is 
parametrically defined as , where  are 

 coordinates along the contour and  is from . The energy 
functional relative to the snake  is written:  

 
 (2) 

 : internal energy due to bending which serves to 
impose piecewise smoothness constraint. 

  : image forces pushing the snake toward image 
features (edges, lines, terminations). 

 : external constraints are responsible for putting the 
snake near the desired local minimum. 

We can see in Fig. 3 an example of a tracked droplet. 
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forces. The internal forces emanate from the shape of the snake, 
while the external forces come from the image and/or from 
higher level image understanding processes. The snake is 
parametrically defined as , where  are 

 coordinates along the contour and  is from . The energy 
functional relative to the snake  is written:  

 
 (2) 

 : internal energy due to bending which serves to 
impose piecewise smoothness constraint. 

  : image forces pushing the snake toward image 
features (edges, lines, terminations). 

 : external constraints are responsible for putting the 
snake near the desired local minimum. 

We can see in Fig. 3 an example of a tracked droplet. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Fig. 3. Sequence of droplet impact with adhesion. 

4. Conclusion 

In this article we present an acquisition system for water droplet 
impact observation and an automated method for extraction of 
droplet parameters and behaviours. Thanks to obtained data we 
can accurately characterize incoming droplets with their Weber 
number which represents a measure of the relative importance of 
fluid's inertia compared to its surface tension. These Weber 
number are related to specific behaviours of the droplet such as 
adhesion, bounce or splash.  

Now we have to generate more droplets with different sizes and 
velocities in order to find the two critical Weber numbers 
defining the transition between adhesion and bounce as well as 
the transition between bounce and splash. It could be also 
interesting to see the evolution of these numbers with the 
growing of the vine leaf, and particularly its roughness which 
can be characterized by texture features as Generalized Fourier 
Descriptors (Decourselle et al. 2010). 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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1.  

by manually counting the apples on a 
part of selected trees. This method is time-consuming and the 
small sample of trees that can be inspected is 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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1. Materials and methods 
The work here presented is based on experiments conducted 
between 2009 and 2012 in the experimental orchard of CEHM1.  
The device is composed of a CANON Powershot G10 Camera 
(F:28mm diaphragm) and Mecablitz-mb-45cl flash. 

 

  
Fig. 1 : Metal support for the camera 

The camera was placed at a height of 1.20m above ground, at a 
distance of 2 m from the tree. Using a high power flash as a 
source of artificial lighting provides images of repeatable quality 
with good contrast (Fig. 2) and eliminates possible unwanted 
background.  
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Fig. 2 : normal image (left),  Irstea acquisition (right) 

The image processing was performed directly on Jpeg encoded 
images (2592x1944 - minimal compression) on a Dell PC, 
running Labview 9.0 environment. 

2. Analysis of the image content  
In their article, Stajnko et al. (2005) or Linker et al. (2012) 
propose an apple segmentation method using color, shape and 
texture criteria. Our approach does not consider the color of the 
apple as a discriminating factor because at this stage, apples are 
often of the same color as the leaves. 
 

     
Fig. 3 : Examples of fruits to be detected 

Our approach consists to find successively these three classes 
(Fig. 4)

 

Fig. 4 : Image objects class 
3. Description of the algorithms 

Step 1: Class 3 determination 
Our approach is purely colorimetric and is based on the work of 
Van de Sande et al, (2010), which shows that the color space is 
sufficient (Hue component of HSL space). This first step does 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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not attempt to separate the apples but attempts to robustly 
separate the class of branches from all the other objects that are 
not "green" (Fig. 5). 

       
Fig. 5 : before and after segmentation 

Step 2 : Class 2 determination 
Class 2 contains objects that are close to apples in color and 
shape, like parts of the leaves that reflect the same color 
spectrum as apples. It is therefore necessary to find a robust 
model for discriminating these two classes, one of these being 
the class apple. We chose a multivariate classification based on 
texture and certain shape factors like elongation. To build our 
model, we have created a database of 287 representative 
samples of objects to be classified. To perform the classification, 
we have based our work on a supervised learning by an expert 
trained on three classes: apples, leaves and other. A principal 
component analysis (PCA) allowed us to select the most 
discriminative descriptors of our object classes (leaf, apple, 
etc.). The classification model is then been calculated by 
Factorial Discriminant Analysis (FDA) to determinate the 
weight of each descriptor over one of the two axes by 
maximizing the interclass variance.   
Our space consists of two axes LD1 and LD2 as: 
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Step 3: Class 1 determination 
The definitive class of an object will be assigned using the 
Mahalanobis distance (Mahalanobis, 1936) between the object 
and the center of gravity of each class.   
 

4. Results and conclusions  
The program was tested (Fig. 6) on a library of 50 files (4367 
apples have been counted manually). The algorithm found 3990 
apples (5% false fruit detection, 12% undetected fruits) (Fig. 7). 
 

       
Fig. 6: Treatment on the image : Image31Nuit20090526 

 
Fig. 7 : Manual count VS automatic 

The algorithm is capable of automatically detecting fruits even if 
they are partially hidden (Fig. 8). 

       
Fig. 8 : Example of fruit detection performance (~40mm) 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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5. Conclusion 

This work shows that it is possible to count apples of a diameter 
range from 30mm to 100mm, in orchard, using a simple and 
inexpensive device (digital camera + flash) in conjunction with a 
multivariate classification algorithm. Automatic counting should 
improve the representativity of the field measurements and 
provide greater flexibility as compared to the manual counting 
methods currently performed by the growers. In the future, it 
could be possible to employ this type of device on a tractor in 
order to analyze a whole orchard. The device is still being 
tested, focusing on the detection of small fruits (less than 
20mm), a task which represents a new challenge where other 
methods could improve the performance of the method 
presented in this article. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: In Precision Agriculture, a common practice consists 
of the image processing for weeds/crop identification to 
eliminate the first ones. The positioning of the vision system is 
an important aim because it determines the accuracy during the 
identification. This study has intended to select which is the best 
position to get the necessary accuracy. This paper analyses the 
dependency of the accuracy of green density detection of crop 
and weeds based on the variation of the camera pitch angle. 
Analytical results are then applied to images of maize fields 
under a simulated environment. 

1. Introduction  
The use of robotics systems, equipped with vision-based 
sensors, for site specific treatments in Precision Agriculture is in 
continuous growth. A common practice consists of the image 
processing for weeds/crop identification to control the first ones. 
Because of the similar spectral components displayed for both 
types of plants, greenness extraction plays an important role. 
The crop row and weed detection is an important issue related 
with the application of machine vision methods in agriculture, it 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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has attracted numerous studies in this area (López-Granados, 
2011; Montalvo et al., 2012; Guerrero et al., 2012, Romeo et al., 
2012). Ratios of greenness and soil determine what is known as 
density. The goal is to detect crop/weeds densities from the 
spectral components associated to pixels in the image. Based on 
density values, it is possible to determine if a specific treatment 
is required for weeds control. Hence, accuracy on this 
calculation may be critical. 

The vision system is installed on-board a tractor and depending 
on its positioning and orientation different density accuracy 
values are obtained for the same distribution of plants in a 
selected area in the field. Because of physical limitations, the 
camera localization cannot be placed with a pitch angle of 90º 
(zenith orientation), although it is the best orientation for density 
accuracy. Hence, the pitch angle must be conveniently selected 
for achieving the best accuracies. 

Intrinsic and extrinsic camera parameters (Fu et al., 1988) are 
critical for densities estimation. This paper analyses the 
accuracy dependency with respect the pitch angle. That is, for a 
given camera-based system with its own intrinsic and extrinsic 
parameters in a fixed position on the tractor and at a fixed 
distance of the region to be imaged, the goal is to analyse 
accuracy on densities by varying only the pitch angle via a 
simulated environment with a real camera model. This allows to 
determine the best camera arrangement to make more accurate 
decisions in real environments. This makes the main 
contribution of this work. 

2. Materials and methods 
In order to analyse the arrangement of the vision system under 
different pitch angles, a CCD-based device camera 
SVS4050CFLGEA (SVS-VISTEK, 2012) model is used for 
simulation, i.e. a digital colour camera with size resolutions of 
2336 1752 pixels with pixels-sizes of 5.5
is equipped with an optical system of 10mm of fixed focal 
length. 
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Influence of the vision system pitch angle on weeds detection accuracy 

In addition to the camera model, we have also modelled the crop 
field, in this case maize. Both models have been implemented in 
a simulated environment oriented to study and evaluate the 
execution of agricultural tasks that can be performed by an 
autonomous robot as part of a fleet of robots (Emmi et al., 
2012). One of the main features of this simulation environment, 
which is based on the Webots tool (Cyberbotics, 2012), is the 
ability for representing and modelling the characteristics of the 
field in a three-dimensional (3D) virtual universe.  

The procedure used for the intended evaluation consists of the 
definition of a simulated scenario built with crop rows that are 
spaced 0.75m, one from each other, with random patches of 
weeds, which is a common arrangement in maize fields. A fixed 
2 2 meters square area in the field, red box in Fig. 1, is the 
specified zone captured with the camera under different pitch 
angles. The camera is placed at 2.2m above the ground and 3m 
away from the nearest side of the square, being that the 
minimum distance that can be reached without getting the front 
of the tractor in the image. 

 
Fig. 1. A fixed 2 2m square area, red box, is captured by the 

camera with different pitch angles. 

Different images of the same area are acquired with the only 
difference that the pitch angle of the camera is modified from 
one image to the other; this is achieved by varying the camera 
orientation following the double arrow in Fig. 1. In this study 
the distance to the red zone from the camera and the height from 
the ground remain constant. Figure 2, (a) to (c), displays three 
images acquired with pitch angles set to 18º, 30º and 42º 
respectively. 

Influence of the vision system pitch angle on weeds detection accuracy 

In addition to the camera model, we have also modelled the crop 
field, in this case maize. Both models have been implemented in 
a simulated environment oriented to study and evaluate the 
execution of agricultural tasks that can be performed by an 
autonomous robot as part of a fleet of robots (Emmi et al., 
2012). One of the main features of this simulation environment, 
which is based on the Webots tool (Cyberbotics, 2012), is the 
ability for representing and modelling the characteristics of the 
field in a three-dimensional (3D) virtual universe.  

The procedure used for the intended evaluation consists of the 
definition of a simulated scenario built with crop rows that are 
spaced 0.75m, one from each other, with random patches of 
weeds, which is a common arrangement in maize fields. A fixed 
2 2 meters square area in the field, red box in Fig. 1, is the 
specified zone captured with the camera under different pitch 
angles. The camera is placed at 2.2m above the ground and 3m 
away from the nearest side of the square, being that the 
minimum distance that can be reached without getting the front 
of the tractor in the image. 

 
Fig. 1. A fixed 2 2m square area, red box, is captured by the 

camera with different pitch angles. 

Different images of the same area are acquired with the only 
difference that the pitch angle of the camera is modified from 
one image to the other; this is achieved by varying the camera 
orientation following the double arrow in Fig. 1. In this study 
the distance to the red zone from the camera and the height from 
the ground remain constant. Figure 2, (a) to (c), displays three 
images acquired with pitch angles set to 18º, 30º and 42º 
respectively. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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For every image we count the number of pixels inside the red 
area. Due to perspective projection, the size (surface) of this area 
varies depending on the pitch angle. To calculate crop and 
weeds densities of a specific area we compute the number of 
green pixels inside that area, where green pixels are obtained 
through the procedure described in Romeo et al. (2012). So, for 
performance analysis, we apply the following logical criterion: 
the bigger the size of an area in the image the better the 
accuracy. 

(a) (b) (c) 

Fig. 2. Images of the same area acquired with the pitch angle set 
to 18º, 30º and 42º for a), b) and c) respectively. 

3. Results  
This study is concerned with the camera arrangement for the 
ground perception system in the ground mobile unit working on 
maize fields in the project that belongs to the Seventh 

- Robot Fleets for Highly 
 

Table 1 shows different results for the nine images acquired of 
the area in the field mentioned above. Column two contains the 
different pitch angle values in degrees. Column three displays 
the different sizes of the area in the image; they are measured by 
computing the total number of pixels in the image inside the 
area. As already mentioned, this number of pixels depends on 
the pitch angle used during the image acquisition. In our 
experiments a pitch angle of 90º refers to the camera pointing 
perpendicularly to the area to be explored, i.e. with its optical 
axis perpendicular to the plane defined by the area (zenith 
arrangement). A pitch angle of 0º degrees would mean that the 
camera is parallel to the ground surface. In RHEA no zenith 
camera positions are proposed but pitch angles with possible 
variations ranging in [18º, 42º]. Thus, we normalize the values 
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with respect the highest number of pixels obtained for the red 
box, which corresponds to a pitch angle of 18º. Normalized 
values with respect to the reference one are displayed in the 
fourth column in Table 1. 

Table 1. Nine images acquired with different pitch angles; 
number of pixels in the red box and their normalized values with 

respect the first image. 

Nº 
Image 

Pitch angle  
(º) 

Number of 
pixels inside the 

specified area 

Normalization of the 
number of pixels inside 

specified area 
1 18 696734 1.000 
2 20 682099 0.979 
3 22 670402 0.962 
4 25 657700 0.944 
5 30 649100 0.932 
6 35 656084 0.942 
7 38 667566 0.958 
8 40 678790 0.974 
9 42 692337 0.994 

Figure 3 displays the size of the red area versus the pitch angle. 
We can see that the best angles to use are the ones where the 
area remains at the bottom of the image, i.e. pitch angle set to 
18º, Fig. 1(a) or at the top of the image with pitch angle to 42º 
Fig. 1(c) and the worst angle would be where the area appears in 
the middle of the image, pitch angle set to 30º, Figure 1(b). 

 
Fig. 3. Number of pixels in the red box displayed in Figure 1 

with respect the pitch angle. 

Influence of the vision system pitch angle on weeds detection accuracy 

In addition to the camera model, we have also modelled the crop 
field, in this case maize. Both models have been implemented in 
a simulated environment oriented to study and evaluate the 
execution of agricultural tasks that can be performed by an 
autonomous robot as part of a fleet of robots (Emmi et al., 
2012). One of the main features of this simulation environment, 
which is based on the Webots tool (Cyberbotics, 2012), is the 
ability for representing and modelling the characteristics of the 
field in a three-dimensional (3D) virtual universe.  

The procedure used for the intended evaluation consists of the 
definition of a simulated scenario built with crop rows that are 
spaced 0.75m, one from each other, with random patches of 
weeds, which is a common arrangement in maize fields. A fixed 
2 2 meters square area in the field, red box in Fig. 1, is the 
specified zone captured with the camera under different pitch 
angles. The camera is placed at 2.2m above the ground and 3m 
away from the nearest side of the square, being that the 
minimum distance that can be reached without getting the front 
of the tractor in the image. 

 
Fig. 1. A fixed 2 2m square area, red box, is captured by the 

camera with different pitch angles. 

Different images of the same area are acquired with the only 
difference that the pitch angle of the camera is modified from 
one image to the other; this is achieved by varying the camera 
orientation following the double arrow in Fig. 1. In this study 
the distance to the red zone from the camera and the height from 
the ground remain constant. Figure 2, (a) to (c), displays three 
images acquired with pitch angles set to 18º, 30º and 42º 
respectively. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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According to the normalized results displayed in Table 1, we 
can see how accuracy may vary up to a 6.8% of difference 
depending whether the chosen pitch angle is 18º degrees or 30º 
degrees respectively. This must be conveniently considered for 
camera arrangements trying always to design the system with 
the most favourable angles. 

4. Conclusions 

Given a camera-based vision system, we have proved and 
estimated how green density calculation accuracy of crop and 
weeds depends on pitch angle, but on the same way, the 
accuracy of this calculation also depends on other extrinsic 
parameters including the roll and yaw angles, i.e. related to 
rotations and also the ones involving translations, such as 
distance of the selected area to the camera and the height of the 
camera. Additional experiments could be carried out in the 
future by combining different camera arrangements studying the 
variation of the different intrinsic and extrinsic parameters. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: Nowadays, precision agriculture has allowed a 
spatial characterization in many common agricultural tasks. 
The use of this new agricultural tendency has enabled a 
reduction of inputs to be just applied or sprayed in places 
where they are needed. 
Additionally to considering the spatial distribution within 
the field, it is also important to take into consideration the 
three-dimensional within these agronomical spaces. This 
second approach will enable an assessment within the 
selected areas with the objective of applying the correct dose 
according to the volume or target size.  
By means of ultrasonic sensors, it is possible to apply 
phytosanitary treatments exclusively on the trees. Moreover , 
with the use of a L ID A R device that allows on-the-go 
calculation of leaf mass or volume for each tree detected, it 
would be possible to adapt the sprayed dose.   
L ID A R data used during this study were obtained through 
the use of a tree and laser simulator software " SimL idar " , 
which allowed the development of processed data without 
the necessity of any field trial. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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1. Introduction 

Portable ground-based scanning LIght Detection And Ranging 
(LIDAR) has several beneficial features. For instance, it is non-
destructive and, because it is an active sensor, measurements are 
not affected by the light conditions in the field. Extensive 3-D 
data for a crop can be recorded quickly and automatically as 3-D 
point-cloud data, been applied to canopy measurements (Omasa 
et al., 2007; Campoy et al., 2010; Llorens et al., 2011). 

All of these reasons make LIDAR the optimum device in order 
to study the vegetation cover for achieving an optimization of 
the spraying tasks. 

2. Materials and methods  
2.1 SimLidar (Tree and LIDAR simulator) 
SIMLIDAR (acronym for LIDAR simulation) is an application 
developed in C++ that generates an artificial orchard using a 
Lindenmayer (L-system) model. The application simulates the 
lateral interaction between the artificial orchard and a laser 
scanner or LIDAR. 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. SIMLIDAR determines the distance measured in 
a bi-dimensional matrix N  M, where N is the number of 
angular scans and M is the number of steps in the tractor route 
(Méndez et al., 2012). 
2.1.1 L-system tree model  
An open L-system model is a technique used to produce a 
geometric description of the branching pattern for a typical pre-
blossom tree structure.  
L-system is an alphabetic string, where each letter of the 
alphabet represents the movement of an imaginary turtle that 
describes the tree. An iterative substitution process is used to 
obtain the final string of an L-system (Tarquis et al., 2006). 
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1. Introduction 

Portable ground-based scanning LIght Detection And Ranging 
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destructive and, because it is an active sensor, measurements are 
not affected by the light conditions in the field. Extensive 3-D 
data for a crop can be recorded quickly and automatically as 3-D 
point-cloud data, been applied to canopy measurements (Omasa 
et al., 2007; Campoy et al., 2010; Llorens et al., 2011). 

All of these reasons make LIDAR the optimum device in order 
to study the vegetation cover for achieving an optimization of 
the spraying tasks. 

2. Materials and methods  
2.1 SimLidar (Tree and LIDAR simulator) 
SIMLIDAR (acronym for LIDAR simulation) is an application 
developed in C++ that generates an artificial orchard using a 
Lindenmayer (L-system) model. The application simulates the 
lateral interaction between the artificial orchard and a laser 
scanner or LIDAR. 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. SIMLIDAR determines the distance measured in 
a bi-dimensional matrix N  M, where N is the number of 
angular scans and M is the number of steps in the tractor route 
(Méndez et al., 2012). 
2.1.1 L-system tree model  
An open L-system model is a technique used to produce a 
geometric description of the branching pattern for a typical pre-
blossom tree structure.  
L-system is an alphabetic string, where each letter of the 
alphabet represents the movement of an imaginary turtle that 
describes the tree. An iterative substitution process is used to 
obtain the final string of an L-system (Tarquis et al., 2006). 
 



327 3 

2.2 Data collection 
For the development of this study apple trees were chosen, 
selecting an L-system model for their simulation. Table 1 shows 
the simulation parameters chosen for the trees, as well as for 
LIDAR simulation, being the reference axes:"x" referring to 

y horizontal object height. 

Table 1- Tree and LIDAR parameters selected 

Tree Parameters LIDAR parameters 

Number of iterations 5 Y and Z distance (mm) 1000 

Number of trees 3 X increment (mm) 11 

Shadow max. ratio 60 Angle Increase (degrees) 0.5 

2.3 Minimal spraying pixel concept  
In order to perform a variable dose, 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 lower 
surface on which 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, 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.  

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 1.25 m s-1 was 
considered, with a frequency of 5 Hz at the actuation system.  

Figure 1 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 
actuation range (in blue). 3 

2.2 Data collection 
For the development of this study apple trees were chosen, 
selecting an L-system model for their simulation. Table 1 shows 
the simulation parameters chosen for the trees, as well as for 
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actuation system to adapt to a dose change should be taken into 
account. For this case, a tractor speed of 1.25 m s-1 was 
considered, with a frequency of 5 Hz at the actuation system.  

Figure 1 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 
actuation range (in blue). 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Figure 1. Minimum actuation areas (pixel) represented by 

different colors each spray nozzle. 
2.4 Tree volume detected within a spraying pixel 
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 defined by specific dimensions depending on the 
scan and actuation zone (nozzle), 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 (tangent of LIDAR angular resolution x distance 
recorded) at each scan and nozzle area, for rectangle height; and 
distance between scan parameters selected on LIDAR 
simulation, for rectangle width (see Fig. 2). 

 
Figure 2. Pixel and point area dimensions 

3 

2.2 Data collection 
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the simulation parameters chosen for the trees, as well as for 
LIDAR simulation, being the reference axes:"x" referring to 

y horizontal object height. 
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Number of trees 3 X increment (mm) 11 

Shadow max. ratio 60 Angle Increase (degrees) 0.5 
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In order to perform a variable dose, 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 lower 
surface on which 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, 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.  

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 1.25 m s-1 was 
considered, with a frequency of 5 Hz at the actuation system.  

Figure 1 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 
actuation range (in blue). 
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Based on the rectangles previously defined for each LIDAR 
detection, a third dimension will be added (depth, from the laser 
point of view), to obtain the prisms (voxels) that will define each 
of the LIDAR detections. 

Considering a homogeneously simulated tree structure with a 
central location of the trunk in relation to the canopy, it could be 
possible to obtain prism depth (Dcanopy) by subtracting the 
distance value of the trunk (Dtrunk) to the laser mean distance 
value of each pixel (Dtree). 

As in the case of pixel tree area calculation, the pixel tree 
volume was calculated as sum of all prism volumes obtained 
from each LIDAR detection. 

If spraying task will be performed from one tree row sides, the 
calculated volume has to be multiplied by two. 

3. Results 
Using the methodology presented in the previous sections and 
the  software, as well as 

 the following results were obtained 
(see Fig. 3 and Fig.4):  
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2.2 Data collection 
For the development of this study apple trees were chosen, 
selecting an L-system model for their simulation. Table 1 shows 
the simulation parameters chosen for the trees, as well as for 
LIDAR simulation, being the reference axes:"x" referring to 

y horizontal object height. 

Table 1- Tree and LIDAR parameters selected 

Tree Parameters LIDAR parameters 

Number of iterations 5 Y and Z distance (mm) 1000 

Number of trees 3 X increment (mm) 11 

Shadow max. ratio 60 Angle Increase (degrees) 0.5 

2.3 Minimal spraying pixel concept  
In order to perform a variable dose, 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 lower 
surface on which 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, 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.  

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 1.25 m s-1 was 
considered, with a frequency of 5 Hz at the actuation system.  

Figure 1 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 
actuation range (in blue). 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Figure 4. Tree volume per pixel (above) and nozzle state per 

scan (below) 
4. Conclusions 
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 weeds patches, but also the size / volume of each 
of them, thereby achieving a greater application performance 
and with a more environmentally friendly approach. 
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With the aim of obtaining the height of the pixel it is important 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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may depend on the proportion of the field mapped. How much 
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are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 

339

   

 

F irst R H E A International Conference on 
Robotics and associated H igh-technologies 

and Equipment for Agriculture  
Hosted by the University of Pisa  

Pisa, Italy, September 19-20-21, 2012

Exploring the effect of turning manoeuvres on the multi-
path planning of a robot fleet in agricultural tasks 

Jesus Conesa-Munoz1, Angela Ribei ro1, Dionisio Andujar2, 
C esar Fernandez-Quintanilla2, Jose Dorado2 
1Centre for Automation and Robotics (CSIC-UPM). 28500, Arganda del Rey, Madrid, 
Spain  (e-mail: jesus.conesa@csic.es, angela.ribeiro@csic.es) 
2Institute of Agricultural Science (CSIC).28006 Madrid, Spain 

K eywords: Multi-objective optimization, Weed control, NSGA-
II. 

Abstract: In the context of robot fleets, one of the main 
problems consists in determining the best routes (multi-path 
plan) for the robots to minimise some cost criterion when robots 
accomplish a given task. For example, in a weed treatment 
scenario the multi-path plan must ensure a fully completed 
treatment, i.e., the whole field coverage, as inexpensive as 
possible. The cost can be expressed by a function that considers 
the most relevant features of each robot in the fleet, for example, 
in a weed spraying treatment, the tank capacity, the number of 
turns required or the time spent in the whole treatment. The 
robot turning maneuvers directly affect the travelled distance 
and, therefore, the time spent in the treatment task; special 
attention is focused on them.. In consequence, real types of turns 
have been considered in order to obtain realistic results, 
focusing especially on the limitations that appear due to the 
restrictions in the turning radio that the agricultural vehicles 
usually have. The Non-dominated Sorting Genetic Algorithm II 
(NSGA-II) is proposed to solve this multi-objective optimization 
problem. The proposed approach has been proved with good 
results in multiple situations dealing with different fields and 
diverse robot features. The obtained results show that it is 
possible to find good solutions for the different criteria 
considered (i.e., time and money) at the same time. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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1. Introduction 
Agriculture is one of the contexts where robot automation is 
applicable and may become relevant in the near future. Many 
agricultural operations could be performed by either a single 
robot or a fleet of them. Weed treatment is one of these 
operations and one of the most important and critical tasks in 
crop fields. In this task, weeds are frequently removed by 
sprayers carried onboard by vehicles that must cover the whole 
field without overlaps. This task requires substantial attention by 
the driver. It is such an important and complex operation that 
commercial guidance systems based on GPS have recently been 
developed to help tractor drivers. Furthermore, many studies 
have been aimed at determining the best way to treat a crop by 
covering a given area (field) trying to minimize the distance 
travelled by a vehicle (Closet and Pignon 1997; Stoll 2003; 
Sorensen et al., 2004; Taix et al, 2006; Oksanen and Visela 
2007; Bochtis and Vougioukas 2008) 

This problem becomes even more complex when more than one 
vehicle is involved in the task. In (Conesa-Munoz et al., 2012) 
the problem is tackled as a multi-objective optimisation that 
involves two different cost functions in order to determine the 
multi-path plan with the lowest cost. The cost functions are 
based on time and money criteria that take into account the 
vehicle/robot capabilities but assuming always an ideal situation 
in which vehicles/robots do not have limitations on the turning 
manoeuvres, so they can reach in the same way any point in the 
field. 

In this article, however, the different types of turning 
manoeuvres defined in (Bochtis and Vougioukas 2008) (Fig. 1) 
have been considered, since these manoeuvres strongly affect 
the path plan quality. 

2. Proposed approach 

The fields considered in this work are split into parallel crop 
rows, therefore, five assumptions can be made to appropriately 
handle the multi-path plan problem: 1) robots always travel 
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parallel to the crop rows, 2) changes in the moving direction 
(turns) of the robots are forbidden within the crop rows and can 
only be made in the headers (out of the crop), 3) the fields have 
rectangular shapes, 4) the weed distribution (locations of the 
weed patches) is known, and 5) when a robot totally consumes 
its herbicide during the treatment of a row, it has to reach a 
header to refill its herbicide tank and then turn back to finish 
treating the row. 

 

Fig. 1. Manoeuvres in the headland turns (a) loop turn, (b) 
double round corner. 

According to these assumptions, the problem can be expressed 
as follows: given a set of robots with certain features (e.g., 
herbicide capacity, motion characteristics, width of the treatment 
sprayer, fuel and herbicide consumption), a field with certain 
dimensions, a crop organised in rows and a map of the weed 
distribution, the aim is to determine the subset of robots and 
their associated path plans that ensure the full treatment of the 
weeds with the minimum cost in terms of both time and money. 

In other words, given a set of valid field operations (start, 
motion, turn or spraying), the weed treatment accomplished by a 
robot can be expressed by a vector maaa ···,,, 21 , where 
m is the number of different operations considered, and ai is the 
number of times that the robot has executed the operation i. 
Each one of these operations can be measured in time and 
money, thus, for each multi-path plan assigned to a specific fleet 
of robots, two costs can be computed according to expressions 
(1). 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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where n is the number of robots, m is the number of possible 
operations, aij is the number of times that the robot i executes 
the operation j (start, motion, turn or spraying), and ijc  and t

ijc  
are, respectively, the costs in money and in time spent by robot i 
to execute operation j. In (Conesa-Munoz et al., 2012) it is 
explained in detail how to compute the partial costs ijc  and t

ijc . 

2.1 NSGA-I I scheme 

As we have seen in the previous section, the multi-path plan 
problem has been formulated as bi-objective optimization 
problem. Hence, it requires a solving process that optimizes 
simultaneously the two objectives, 

NSGA-II (Non-dominated 
Sorting Genetic Algorithm II, Deb et al., 2002) also 
incorporated in our proposal. Five components have to be 
defined when a NSGA method is used: the solution encoding 
scheme, the exploration operators (selection, crossover and 
mutation), and the fitness function. 

Hereinafter, the set of crop rows that the vehicle treats at the 

1, 2 and 5, each street will only be treated by a robot of the fleet, 
so each possible multi-path plan can be expressed as a 
permutation of the vector: )···,,,,···,,,( 2121 mn rrrsss . 

The robot identifiers (rj) are used to delimitate the sets of streets 
in such way that each robot covers the streets located in the left 
of its identifier. For example the vector ),,,,,( 413221 srsrss  
represents a plan where robot 1 will only treat street s3 and robot 
2 will cover streets s4, s1 and s2, in this order because the 
treatment order of the streets is set by the order of the vector 
components. Obviously, the transition distances between streets 
are calculated considering the turning manoeuvres. 

Concerning exploration operators, a classical wheel selection, a 
PMX crossover and a scramble mutation have been chosen. The 
selected crossover and the mutation operators are appropriated 
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for building permutations. Finally, the fitness functions are 
shown in (1). 

3. Experimental results and analysis 

A set of 100 randomly generated trials was conducted to 
measure the mean fitness obtained by the proposed approach. 
The main parameters used have been the following: in all cases, 
the population size was set to 100 individuals and the fleet was 
composed of 5 robots with a minimum turning radius of 3 m. 
The fields contain 400 streets and the level of infestation ranged 
from 10% to 30%; in addition the number of patches ranged 
from 10 to 80. The stop criterion was set to complete 50,000 
generations. For each one of these trials the best plan in money, 
the best plan in time and also the best plan for both criteria at the 
same time were extracted and their fitness values normalized 
between 0 and 1, where 0 is the best value for the fitness 
functions )(xf )(xf t that have been adapted to perform the 
turning manoeuvres proposed by (Bochtis and Vougioukas, 
2008). 

The mean fitness values for the money and the time obtained 
were 0.147 and 0.026 respectively. When both criteria are 
considered, the fitness value was 0.153. All results are quite 
close to the optimal values calculated analytically, especially in 
the case of time. Actually, it is easier to find a good solution in 
time than in money, because there are much more good 
solutions for time than for money in the search space. In 
practice, any solution where the number of streets is equally 
distributed among the robots shows a good performance in time. 
For the money, it is not so easy to find good solutions. 
Nevertheless, it has been observed that the pareto fronts have 
barely been expanded, so with more than 50,000 generations 
better results might be obtained. This matter has to be deep 
analyzed in future work. 

4. Conclusions 
Efficient and economical weed treatment with a robot fleet 
requires obtaining the best path plan for each vehicle in terms of 
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parallel to the crop rows, 2) changes in the moving direction 
(turns) of the robots are forbidden within the crop rows and can 
only be made in the headers (out of the crop), 3) the fields have 
rectangular shapes, 4) the weed distribution (locations of the 
weed patches) is known, and 5) when a robot totally consumes 
its herbicide during the treatment of a row, it has to reach a 
header to refill its herbicide tank and then turn back to finish 
treating the row. 

 

Fig. 1. Manoeuvres in the headland turns (a) loop turn, (b) 
double round corner. 

According to these assumptions, the problem can be expressed 
as follows: given a set of robots with certain features (e.g., 
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sprayer, fuel and herbicide consumption), a field with certain 
dimensions, a crop organised in rows and a map of the weed 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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either money or time spent in the task. To obtain realistic path 
plans it is needed to consider the turning manoeuvres into paths. 
In this paper the multi-path planning problem is formulated as a 
bi-objective optimization problem and then an approach based 
in a pareto strategy (NSGA-II) is used for solving the problem. 
Results obtained from 100 simulations show mean fitness values 
for money, time and both criteria combined of 0.147, 0.026 and 
0.153 respectively. All of these values are very close to the 
optimal values estimated analytically. Therefore, the proposed 
method is able to find the multi-path plan for a heterogeneous 
fleet of vehicles even taking into account restrictions due to the 
minimum turning radius of vehicles.
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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Abstract: Sri Lankan farmers face constraints in gaining access 
to information and knowledge that could improve their crop 
productivity and there is a huge knowledge and information gap 
between agricultural experts and farmer. To bridge this gap 
University of Colombo Institute for Agro-technology and Rural 
Sciences, Sri Lanka has built the Online Diploma in Agro-
technology for farming community both in local language and 
English, which is an ICT-based agricultural education system to 
improve productivity, income and socio- economic status by 
disseminating a fresh expert agricultural advice to farmers. 
Agricultural experts generate lessons received in the form of text 
and digitally converted lessons developed on online Learning 
Management System in Moodle. In 2009, a prototype was 
implemented with 60 farmers all around the country. The impact 
of the program for improvement of their knowledge (in ICT, 
agriculture) and socio-economic status was analyzed. At the 
beginning of the course they had no competency with computer 
usage and ICT applications even some of them never had 
touched a computer before taking up the program. After the 
program their ICT compatibility and knowledge of farming have 
increased. The analysis showed that about 80% of farmers have 
followed program which increases yield, income and social 
status. 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 

 

2 

First RHEA International Conference on Robotics and associated 
High technologies and Equipment for Agriculture Pisa, Italy, 

September 19-20-21, 2012

1.Introduction  

Today, Information and Communication Technology (ICT) is 
developing rapidly in all over the world. Information is the 

complete information for all market sectors and industries 
including agriculture (Thompson and Sonka, 1997). ICT offers 
the ability to increase the amount of information provided to all 
participants in the agricultural sector and to decrease the cost of 
disseminating the information (Kurtenbach and Thompson, 
2000). There is an urgent need to increase access to information 
and the Internet and these facilities be made available to the 
general masses mainly the rural folks including farmers in Sri 
Lanka. 
 
Many projects on ICT based education have been done, but 
rarely have been done on rural farmers by enhancing the state-
of-art digital technologies to serve the rural farmers and upgrade 
the economy of the country. In fact distance and e-learning 
environment can be used widely either for educational or 
training but the problem which still exists is the efficient and 
effective management and application of the contents and its 
effectiveness to the users especially the rural farmers. One has to 
be prepared for the computer literacy and the other thing which 
has to be looked into is the language, learning culture and 
acceptance purposes (Shirley and Alstete, 2001). Elsinger 
(2000) and Young (2001) suggested that within the web-enabled 
environment, individuals can have access to courses on 
individual topics and performance support resources at anytime 
from anywhere. On the other hand, Lalita (1996) also noted that 
effective, cost-efficient instruction that can match the needs for 
skills related to technological change can be delivered 
interactively, at the convenience of the rural farmers as the 
learner, no matter where their physical location would be.  
 
Being an agricultural country with fertile soil and good climate 
for agriculture plus many natural resources, Sri Lanka has a vast 
potential for agricultural development. It has a population of a 
little more than 19 million people. About 70% lives in the rural 
sector, where agriculture is the main source of income.  
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Agricultural production in the rural sector is much lower than its 
potential. Farmers face constraints in gaining access to 
information and knowledge that could improve their livelihoods 
and maximize crop productivity. Therefore, new and innovative 
approaches are needed to cope with these challenges. 
 
The ICT-based agricultural education system developed by this 
research is to improve productivity, income and socio-economic 
status of farmers in Sri Lanka by disseminating a fresh expert 
agricultural advice. This program is the first ever attempt by a 
University in the country to provide an opportunity for the rural 
farming community to pursue further education. This pioneer 
project has proven its worth as the foundation of modern mode 
of education delivery system in Sri Lankan farmers. The 
program acts as a platform for educating the rural farmers 
through open and distance learning by managing the blended 
learning management system. Furthermore, this is another step 
in the introducing of lifelong learning concept to all in Sri Lanka 
not only increasing the productivity, competitiveness and value 
added which will enable the rural society to enjoy the 
advancement of digital technology for everyday living and 
realizing Sri Lanka as a developed nation in future. 
  
The objectives of the study are, to determine the readiness of the 

ICT learning tool for getting 
knowledge and information for improving their livelihoods and 
to determine the -
economic status after following the program. 

2. Materials and methods 

The online Diploma in Agro-technology program consists of 
eight Certificate Courses on diverse agriculture subjects. 
Learning Management system (LMS) was developed in local 
language using Moodle and online discussion forums and chat 
sessions were also designed to discuss their day-to-day issues in 
agriculture with their colleagues and teachers. Learner support is 
provided through learner guides, CDs and DVDs, computer 
assisted instruction and video-conferencing in local language. 
To encourage peer interactions, online learning groups based on 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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agriculture interest of student farmers have been facilitated. 
Farmer students were facilitated to access the courses through 
any one of the National Online Distance Education Service 
Access Centers (NACs) and the Government ICT centers 
located throughout the country. 

2.1.Data collection and analyzing  

Randomly selected fifty student farmers who are following the 
course were investigated. Results were analyzed using statistical 
methods (Percentile and Wilcoxon Signed-Rank Test).Student 
farmers were asked whether they have any change in 
knowledge, income, entrepreneurship, marketing ability, social 
mobilization, and agri-business creation after following the 
course by using questionnaires, discussions and participatory 
observations

3. Results and discussion  

3 s with the program  

Through the Diploma it was possible to reach the people who 
have never dreamt of education through online modes. The on-
going Online Diploma Program is a success to emulate. At the 
beginning of the course, 44% of them were very poor in 
computer usage, 65% had no idea of internet and 70% did not 
have e-mail accounts. Therefore, the very first activity was to 
give them an orientation on IT and internet usage. The ICT was 
rapidly accepted by the students. At present 86 % of them are 
competent in computer usage, 97% of them are able to use 
internet without any difficulty, all of them have e-mail accounts 
(Figure 1).  

3.2. Socio-economic improvements 

With this program most of them (85%) have improved their 
cultivations and most of them have started new agribusinesses. 
Income of most farmer students (57%) generated from 
agriculture was poor and not sufficient before following the 
course. After the program, majority of their income (65%) was 
increased up to level of good (Figure 2). Motivations towards 
the job and job satisfaction of farmer students both have 
significant improvement.  
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Their social contacts with agricultural and non-agricultural 
institutions and persons have been strengthened while gaining 
the benefit of their services (Figure 3). Main reason for this is 
that they became more aware of the importance of those 
contacts for their personal and professional development. 
Therefore, farmers tended to use more the services of those 
organizations or institutes after the program.    
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Fig.2. Income increment     Fig.3.Strength   of improvement 

       of socio-economic status                                                                                   
3.3. Key challenges faced while implementing the program 

One of the key challenges faced is the heterogeneity of farmers 
such as age, schoolings and majority of them did not have 
computer skills Therefore, it was a big challenge to introduce 
ICT for people who never touch the computer. Orientation 
course for ICT and strengthen learner support starting from the 
beginning was succeeded to avoid this. Also majority of them 
were able to learn only with local language. Therefore, Learning 
Management System (LMS) and lesson contents were developed 
in local language and also in English. When starting the course 
lack of connectivity in remote areas was a big challenge for 
giving access to the course. For this Ministry of Higher 
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in the introducing of lifelong learning concept to all in Sri Lanka 
not only increasing the productivity, competitiveness and value 
added which will enable the rural society to enjoy the 
advancement of digital technology for everyday living and 
realizing Sri Lanka as a developed nation in future. 
  
The objectives of the study are, to determine the readiness of the 

ICT learning tool for getting 
knowledge and information for improving their livelihoods and 
to determine the -
economic status after following the program. 

2. Materials and methods 

The online Diploma in Agro-technology program consists of 
eight Certificate Courses on diverse agriculture subjects. 
Learning Management system (LMS) was developed in local 
language using Moodle and online discussion forums and chat 
sessions were also designed to discuss their day-to-day issues in 
agriculture with their colleagues and teachers. Learner support is 
provided through learner guides, CDs and DVDs, computer 
assisted instruction and video-conferencing in local language. 
To encourage peer interactions, online learning groups based on 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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Education has established NODES (National On-line Distance 
Education Service) Access Centres in every district with all ICT 
infrastructures. Farmers can access the lessons through any one 
of the centers located in all districts.  

4. Conclusion  

In conclusion we can say that the use of ICT offers opportunities 
to meet the increasing demand for education of farmers, 
agriculture experts and others who are involved in agriculture to 
meet the present and future challenges of agricultural 
development. A general lesson from the initiative that employs 
ICT for agricultural development is that successes are possible, 
but that program must be designed and implemented with care. 
Success is not derived automatically from inserting ICT into 
isolated, poor communities. 

Several future trends of great importance are: Converging of 
media and tools for communication, Increased web-based 
storage of agricultural information, Cheaper and improved 
connectivity for rural communities and Increased recognition by 
governments of the importance of the use of ICT in rural 
development. Finally we can conclude that the On-line distance 
learning is a suitable method for farmers to learn. This is a new 
and modern opportunity for younger generation who lack of 
knowledge on agriculture and has special interest on agriculture. 
Also, this course is considered to farmer students as a way of 
keeping themselves with satisfaction and pride towards the 
agriculture as their profession. 
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Abstract A number of questions need to be answered before 
practical spatially variable weed control can be introduced.  
How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
My own work has indicated that in S. England Alopecurus 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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key elements to a patch spraying system: a weed sensing system, 
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treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  
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detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
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being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
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detected).  Alternatively, a decision may be made that weed 
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How do you decided ‘what is a patch’? If weed thresholds are 
used to define patch areas, is there sufficient information 
available on weed competition? Are buffers included around 
patches? Buffers will increase the treated area, reducing cost 
benefits but give added confidence to users.  What treatment 
strategy is used?  An on/off approach is simpler than a variable 
dose one and saves more herbicide.  Is dose response data 
available to implement variable dose treatments?  How small 
should treatment pixels be? The smaller the pixel the greater the 
sprayer costs but the greater the herbicide saving. Map accuracy 
may depend on the proportion of the field mapped. How much 
of the field needs to be surveyed?  Answers to these questions 
are being developed but detailed economic analyses balancing 
costs and herbicide savings will be needed. 

1. Introduction 
Many weed species demonstrate aggregated distributions, so 
appreciable savings in herbicide use can be made by only 
treating weed patches.  This is both financially attractive to the 
farmer and environmentally beneficial.  How patchy are weeds?  
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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sprayer costs but the greater the herbicide saving. Map accuracy 
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Abstract: The objective of this work is to provide the basic 
specifications for the design of a robotic weeding decision 
support system based on spatio-temporal information on weed 
infestations. The WEEDEX system operates based on six 
modules: 1) Time Planning, 2) Weed Threat Assesment, 3) 
Herbicide Options, 4) Path Planning, 5) Herbicide Application 
and 6) Supervision. The aim of this system is to generate 
georeferenced prescription maps indicating the sites where each 
herbicide should be sprayed. These maps should provide the 
information required to purchase the herbicides and to decide 
the optimal distribution of the spraying units of the robot fleet 
and their corresponding navigation plans. Final spraying 
decisions should be based on both, prescription maps and online 
information coming from sensors located in the sprayer.      

 

1. Introduction  
During the last two decades a large number of Decision Support 
Systems (DSS) have been developed trying to improve various 
aspects of weed control (e.g. Nesser et al., 2004; Parsons et al., 
2009). Recently, Berti el al. (2010) conducted a review of nine 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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DSS developed in different European countries, analyzing the 
opportunities for integration of selected parts of these systems. 
The aim of this work was using the best parts of each system in 
terms of `building blocks´ of a new DSS capable to reduce 
herbicide use while maintaining an adequate level of weed 
control.  

Although all these `building blocks´ provide valuable 
components for the construction of a robust DSS some 
components are still lacking. One of them is the spatial and 
temporal aspects of weed control. It is well documented that 
weed infestations may be quite variable in time and space, with 
patches of different weed species infesting the fields at different 
times of the year. The management of this heterogeneity offers 
an excellent opportunity to reduce herbicide use. However, up to 
now, farmers have not being able to manage this variability due 
to the lack of adequate tools to monitor weed infestations, to 
take control decisions and to conduct these decisions site-
specifically.  

The advent of new technological tools has opened new 
opportunities in this regard. Aerial inspection of the fields using 
unmanned aerial vehicles (ULV) may allow a periodic 
monitoring of weed populations present in the field (Lopez 
Granados, 2011). Spatial information on weed infestation may 
be managed by DSS specifically focused to take into account 
this variability (Gutjahrd & Gerhards, 2010).  Different types of 
sensors may detect weed presence and, in some cases, 
discriminate different weed types on real time (Weis & 
Sokefeld, 2010). Spatially variable herbicide application 
technology has been devised to conduct patch spraying 
(Christensen   et al., 2009). Robotic weed control systems hold 
promise toward the automation of these operations and provides 
another tool for reducing herbicide use (Slaughter et al., 2008). 

The objective of this paper is to provide the basic specifications 
for the design of a weed expert system for robotic agriculture 
(WEEDEX).  
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2. Materials and methods 

The outline structure of WEEDEX is based on the conceptual 
approaches and on some of the specifications proposed 
previously by Berti et al. (2010) and Fernandez-Quintanilla et al. 
(2011). The system operates based on six modules:  

2.1.Time Planning 

This module is designed to support the correct timing of various 
actions related with chemical weed control. This tool is partially 
based on algorithms which relate time of emergence (and 
subsequent growth stages) of the crop and the weeds to the time 
of sowing and actual weather conditions recorded thereafter. 
Time is managed as thermal time accumulated in 10-days 
periods. This information is used to decide early weed 
inspection and herbicide application times. Decisions to be made 
later on the season (e.g. herbicide effect, infestation at harvest) 
are made on a fixed schedule. Herbicide purchase decisions are 
made on a relatively wide time window. 

2.2.Weed Threat Assessment 

This module is designed to quantify the potential threat from the 
major weed species that are expected in a given field. It includes 
two components: 1) the intrinsic harmfulness of each species, 
and 2) the risk of infestation of that species. 

The intrinsic harmfulness of each species is derived from 
empirical information obtained in field experiments and from 
experience from experts. This component is considered as 
uniform in all the field. 

The risk of infestation of each species is site-specific. The 
information on the spatial distribution of each weed species is 
initially based on the weed infestation map obtained at harvest 
in the previous season. This map is composed of individual cells 
of the same size that the planned spraying resolution (e.g. 3 m x 
3 m). Considering that low densities of weeds are probably 
missed in the aerial inspection, that weed infestation at harvest 
only shows the central core of weed patches, and that areas that 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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were not adequately controlled in the previous season may 
spread due to tillage or harvest operations, buffer areas are 
included in the harvest weed infestation map.  

2.3.Herbicide Options 

This module is designed to estimate the total amount of different 
herbicides that will be required in a given season based on the 
information available from the previous season. This estimate is 
used, primarily, to purchase suitable assortments and quantities 
of herbicides in adequate time before the growing season. This 
module includes three components: 1) selection of herbicides 
and doses, 2) construction of draft prescription maps, and 3) 
estimate of total quantities required. 

The selection of herbicides to be used is based on the  list of 
major weeds recorded in the previous season, the list of 
available herbicides for that crop, the specific performance of 
each of these products, and various agronomic and economic 
conditions. The lists of weeds and herbicides are crossed using a 
herbicide efficacy table. 

In order to control grasses and broadleaved weeds 
independently, two weed classes are considered. This module is 
designed to select one herbicide of each type, trying to optimize 
efficacy and cost and taking into account other additional 
criteria (e.g. risks of resistance). The construction of draft 
prescription maps is made independently for the two weed 
classes defined previously. 

In order to estimate of total quantities of the two herbicides 
required it is necessary to integrate the number of cells of each 
risk class and each weed class and the doses of herbicides to be 
applied to those cells.  

2.4.Path Planning 

Given a set of robots with certain features (e.g., herbicide 
capacity, motion characteristics, width of the treatment bar, fuel 
and herbicide consumption), a field with known dimensions, a 
crop organized in rows and a map of the weed distribution, the 
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aim of this module is to determine the subset of robots and their 
associated path plans that ensure the full treatment of the weeds 
with the least cost in terms of both time and money. This multi-
path planning problem can be considered a multi-objective 
optimization and has been tackled using a Non-dominated 
Sorting Genetic Algorithm (NSGA) strategy. 
 
2.5.Herbicide Application. 

The early-season map is constructed from aerial images 
obtained a few days before spraying. Considering that aerial 
images are not able to provide very precise information on weed 
coverage, only three classes are established: High cover, 
Medium cover and Low cover. 

The intrinsic harmfulness of each weed species is calculated as 
described in module 2.2. 

The competitive situation derives from the sum of the difference 
between the growth stage of the crop and the weeds and a 
variable indicating the quality of the crop canopy. 

Based on all the information previously described, the herbicide 
prescription map for each weed class is constructed. The 
herbicide products to be used were selected in module 2.3. 

Although the prescription map provides basic information of the 
field areas that should be sprayed, this information needs to be 
contrasted with that obtained at spraying time with cameras or 
sensors that detect weed presence and quantify weed cover. 
Once the detected weed patch has been considered as a suitable 
target for spraying, a fast-response controller will regulate 
discharge of the different herbicides in each individual nozzle.  

2.6.Supervision 

In order to assess the effect of herbicide treatments, a ground 
inspection is expected to be done one week after spraying. 
Unmaned ground vehicles equipped with appropiate sensors will 
move through the field, sampling the photosynthetic activity of 
surviving weeds. The results of this assessment will determine 
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myosuroides occurs on average in only 41% of the field area, 
(range 4-85% in 24 fields) (Lutman & Miller, 2007).  Other 
workers have also shown that appreciable reductions in 
herbicides are possible if patch treatment is used (Gerhards & 
Christensen, 2003; Wiles, 2009). 

The technologies linked to precision farming are making 
rapid progress.  GPS navigation systems and associated 
computer controlled machine guidance are becoming 
increasingly reliable and precise.  The increased use of GPS 
systems has also been associated with the development of boom 
section controls on sprayers. Additionally, great strides are 
being made in overcoming the hurdle of automated weed 
detection and increasingly sophisticated camera systems are 
being tested. In my view real time detection and spraying is not 
yet fully feasible for field crops because of the processing time 
needed, but this problem will eventually be overcome.  British 
farmers believe that the technology has to deliver real time 
systems (Lutman & Miller, 2007) but my view is that the key to 
farmer acceptance is primarily a reliable automated detection 
system and that real time treatment is of secondary importance.  
 Even though giant strides have been made to solve many 
of the engineering problems associated with the development of 
patch spraying there are still a number of ‘hurdles’ to overcome 
to create practical systems for ‘average’ farmers.  In this paper I 
will endeavor to highlight some of them and, where I can offer 
guidance on solutions.  Christensen et al. (2009) identified three 
key elements to a patch spraying system: a weed sensing system, 
a weed management model that will provide guidance on 
treatment and an appropriate tool to apply the treatments (e.g. 
sprayer or cultivator).  This paper will focus to a major extent on 
weed management decisions.  

2. Weed detection and treatment decisions 
When mapping weed infestations there may be a limit to the 
detection of the equipment used (low densities of weeds not 
detected).  Alternatively, a decision may be made that weed 
presence below a specified threshold should be ignored.  The 
first question to resolve is what degree of weed infestation 
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decisions on subsequent control actions. Aerial scouting using 
ULV will be conducted at weed flowering time in order to 
assess residual populations.  
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