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Abstract. The usage of mobile sensor platforms arose in research a few decades ago. Since the beginning of
satellite sensing, measurement principles and analysing methods have become widely implemented for aerial
and ground vehicles. Mainly in Europe, the United States and Australia, sensor platforms in precisicn farm-
ing are used for surveying, monitoring and scouting tasks. This review gives an overview of available sensor
platforms used in recent agricultural and related research projects. A general categorisation tree for platforms
is outlined in this work. Working in manual, automatic or autonomous ways, these ground platforms and un-
manned aircraft systems (UAS) with an agricultural scope are presented with their sensor equipment and the
possible architectural models. Thanks to advances in highly powerful electronics, smaller devices mounted
on platforms have become economically feasible for many applications. Designed to work automatically or
autonomously, they will be able to interact in intelligent swarms. Sensor platforms can fulfil the need for de-
veloping, testing and optimising new applications in precision farming like weed control or pest management.
Furthermore, commercial suppliers of platform hardware used in sensing tasks are listed.

1 Introduction tem (GLONASS), accuracy increased to less than 5m. Thi
capability also allowed for more applications in agriculture.
In the early 1990s, technologies for precision farming (PF
The first stationary industrial robot was developed by Georgeyere introduced to the market. PF was initially used as a syr
Devol and Joseph F. Engelberger in the early 1960s for thQ)nym for automatic Steering Systemernhammeaoo:])'
production line of an automotive manufacturngelberger  Meanwhile the main focus of PF has shifted and the aim o
1999 Due to constant, structured and predictable enViron'Current PF app"ca‘[ions is to app|y the input factors at the
mental indoor working conditions, the control and manage-right time, in the right amount at the right plackhosla
ment of them can be done in an automated way. Baseg01(). Against this background practical applicability for PF

on this knowledge, operational outdoor platforms emergedechnology remains linked to high-tech agriculture using maf

in research: manually driven, partly automatic, completely chine guidance and site-specific seeding, fertilization plan
autonomous mobile sensor platforms or robots. Their impleprotection with variable rates of seeds, fertilizer or pesticide
mentation with the same Safety and accuracy for field taSKQSee|an et a|_2003 Efficient use of resources, protection of
is more challenging due to the rough and changing condithe environment and documentation of applied manageme
tions. One important criteria for outdoor operations is a pre-prescriptions are the reasons for PF applicattdakioudane

cise position referencing of a vehicle or robot. The civilian gt g, 2002. Through new developments in sensor tech
use of the global positioning system (GPS) and the switchegiques and computer electronics, their reliability increase

off selective availability (SA) in the year 2000 by the US gjgnificantly. It became easier to adapt approaches from re

Department of Defence_@ngley, 1997) enabled a service- |ated research fields into the practical application of PF an

able position referencing outdoors. Withffdrential GPS  thus to improve management decisions in terms of nutrier
(DGPS) and the Russian Global Navigation Satellite Sys-
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52 C. W. Zecha et al.: Mobile sensor platforms

application. Nearly all manufacturers of agricultural machin- 2  Platform categorisation
ery dfer sensor systems for their field vehicles, subsequent
data processing and subsequent application planning. NonFhe term “platform” has multiple meanings. This paper fo-
comparable data, conversion problems derived from varioususes on the technological term where it is defined as a “car-
manufactures using filerent sources, as well as the lack of rier system for payload, as a combination of hardware and
appropriate decision support systems (DSS) has impeded trgpftware architecture frameworksMerriam-Webster Ing.
full adoption of PF in the pastMcBratney et al.2005. 2013 e.g. “the combination of a particular computer and
During the last decade, the main focus lay on developmeng particular operating systemPiinceton University2013.
of sensors able to guide farmers through site-specific nutrienbeveral categories of platforms can béefentiated as dis-
management. Most sensors are based on optical technologglayed in Fig.1. The particular modules are described below
e.g. interpretation of spectral signatures to identify the nu-in the following text.
trient status in plants and to apply online directly the right
amqunt of fert_ilizer. Recogniz_ed heterogeneity in fields due, 1  Rasearch area
to differences in crop colour, yield amount or weed spots can
be precisely georeferenced and considered for future mantnovations in mobile sensor platforms for PF originate from
agement decisionZbiang et al.2002. various research areas. Amongst them, the military sector,
Most commercially available sensors are based on singlevith a high capital backing. Therefore, highly advanced so-
sensor signals. In some cases, this leads to misinterpretadtions can be achieved quickly. With a certain time delay,
tion of the truth for variability or heterogeneitZilmann the civil sector also benefits from these developments. Most
et al, 2006. In order to strengthen the reliability of im- technology first applied in military operations spills over to
plemented sensor signals, the idea of using a combinatiothe civil sector, e.g. GPS, internet or satellite imagery. Most
of sensors is gaining popularity. To merge all sensor dateclients of this new technology are from industry and the sur-
for analysis, the fusion of information is a necessary requi-veying business, having sold a high number of units. Even
site. Dasarathy(2001) used “information fusion” as a gen- though aquaculture for food production increases every year,
eral term for data fusion approaches. Furthermédam-  with huge application areas, agriculture and forestry have in-
chuk et al (2010 described PF as “a perfect field where sen- creasing demands for technology, e.g. for weed management,
sor fusion concepts are essential”. The integration of multiplebut these markets are slow to emerdgeoft et al. 1996
sensors for decision-making in agriculture is already utilisedMcBratney et al.2009.
by researchers and developers; however, costs of sensor sys-
tems have to decrease for a fastgr adoption on farm site§_2 Systematic concept
(Adamchuk et al.2010. Implementing low-cost consumer
(e.g. digital cameras) or industrial components (e.g. robusiThe systematic concepts include a range of tasks and consist
software routines for feature recognition) will enable farm- of mapping, monitoring, scouting and applying. Theetient
ers to economically gain access to this sensing technology. research areas require diverse systematic concepts. The mil-
This paper aims to cover three questions: (1) How can mo4tary mainly needs applications for scouting tasks to observe
bile sensor platforms be categorised in general? (2) WhicHerrain and make tactical decisions. In the area of agriculture,
mobile sensor platforms are already in use or in develop-at the moment, monitoring and scouting sensor platforms are
ment? (3) For what tasks are existing mobile sensor platformsnainly being implemented3riepentrog et al.2010 Ruck-
able to be applied to? elshause2012).
In this publication an overview will be given about avail-
able manual, automatic and autonomous mobile sensor platz- 3 Approach
forms used in actual agricultural and closely related science
projects. Section 2 presents a general categorisation for moFhe systematic concept defines whether the approach must
bile sensor platforms used for data collection. Furthermorebe online or if an @line strategy would be $iicient for
Sect. 2 focuses on architecture models implementing fusiorthe special task. Anflline (mapping) method is based on
algorithms on actual platforms and robots fulfilling these reg- stored data. It is characterized by separate steps: (1) measure-
uisites. Section 3 delves into detail regarding the sensor platmenfdetection, (2) calculation, and (3) applicaticRuck-
forms used in agricultural research topics. Ground and aeriaélshausen2012 and provides the possibility to combine
vehicles for detection of soil and plant characteristics are dedifferent sources of informatiorMaidl et al, 2004 Link
scribed and an outlook to robot swarms will be given. Sec-et al, 2007). An online (sensor) method takes into account
tion 4 discusses uncertainties, strengths and limitations ofthe measured data in real time for the decision calculation.
the presented sensor systems. This literature overview is conFhis is done by a task controller, a terminal or a computer
cluded by Sect. 5. system and is considered directly for the on-the-go applica-
tion. In combination with DGPS the data of the application
can be mapped for data analysis and traceability. Due to the
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Figure 1. A general platform categorisation tree (accordin@tampton et al.2013.

availability of new sensor and information system technolo-2.5 Methods of sensing
gies, dfline techniques can be replaced by online method
(Fender et a).2006. So far, mainly online technology is im-

plemented in practical agriculture. However, current and fu- _ : T
ture concepts include the combination of online afitire sensor systems, e.g. for soil electrical resistivity or electro

) o ~magnetic induction, are used to explain soil heterogeneity in
22?;21‘?;2%%3)50 called mapping-overlay approachasr( fields Corwin and Lesch2003 Knappenberger andiler,

2011). Other sensor principles, e.g. mechanical feelers, a
used for machine guidance in row crofp®e{d et al, 2000.

A challenging research task is achieving high detection ag
The technology diers between active and passive sensorcuracy with chemical sensorslarrazzo et al(2009 tested
methods. Passive sensors are dependent on ambient lighttact apples and their extracted juice. The authors sought to
conditions. They use principles of solar radiation to measuredetect similarities with an electronic nose in laboratory con
or image the energy remission of the sighted object. Activeditions. However, outdoor applications with the same system
sensors provide their own illumination source and are able t¢€t-up and detection accuracy will be challenging to adap.
obtain measurements regardless of time, day or seakmge( ~ Zarco-Tejada et a(2012 have been working for some years
etal, 1986. Nowadays, mainly active sensors with their own in the topic of detecting water stress with thermal sensors
laser- or LED-light source are preferable. Increased measure2n an aerial platform. Registering the echoes reflected by the
ment time and sensor operations, due to independence of naground or plant surfacéynddjar et al.(201]) implemented
ural sunlight, are the advantages of such systems. an ultrasonic sensor for weed discrimination.

%n the area of agriculture, at the moment mainly spectrom
eters are implementedJgidl et al, 2004). Also, electrical

1]

2.4 Type of sensing
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2.6 Sensor configuration et al. (1996 published results about a prototype of a Re-
. . motely Operated Vehicle (ROV}e et al.(2011) showed an
Durrant-Whyte(1988.s.pecmed three types of sensor config- example for a navigation method of an Autonomous Under-
uration: (1) a comp_etmve or redundant, (_2) a complementaryWater Vehicle (AUV).Osterloh et al(2012 advanced in that
and (3) a cooperative sensor configuration. research by explaining AUV systems operating in swarms.

Competitive or _redundant gonfigurgtions stands for two Of ot the web page for AUVIttpy/www.transit-port.nat Zim-
more sensors which sgpply information of the same param’mer(ZOlE) offers recent information about the whole range
eter at the same location and the same degre.es't.)f freedo f submarine vehicle applications.

It serves for increased accuracy and high reliability of the
whole sensor system configuration.

Two or more sensors supplyingiirent information about  2.8.2  Self-propelled ground vehicles
the same parameters at the same location andfiereint de- Ground vehicles have the advantage of high-resolution sens-

grees O.f freedom are called complementgry SeNsors. As theriﬁg and less disturbance factoRdyniers et a).2004. Their
is no direct dependency of the sensors in a complementar

p i it letes the inf i £ th Benefit is the ability to carrying higher loads and more equip-
g"(n):nltgstjitrsg'zi)gﬁl compietes the information of theé Measure-ant than it would be possible by manual hand sampling.

. , . _ . Combustion engines are coupled with the battery and there-
The cooperative sensor configuration consists of indepen;

dent hich rel ther for inf tion fie fore they are able tofter a mobile power supply for elec-
ent Sensors which rely on anotherfor information.fiets i sensor devices. The mission planning is more flexible
emerging views on situation&lmenreich 2002.

compared to sensing with full-scale aircrafts and it is less
_ sensitive to ambient weather conditions. Their disadvantages
2.7 Size are lower surface coverage and the influence on traction

Depending on theféorts, incorporating multiple sensors to and trdficability due to dfferent terrain types or .obstacl'es
one system, the sensor configuration type impacts on the ﬁ(Hague et al.2000. In the automotive sector projects with

nal costs as well as the required size and final weight of the2Utonomous cars are quite advanced (e.g. “Google Car” —

platform. The size of a mobile sensor platform is directly Google Inc. & Stanford University, CA, USA or “Leonie” —

correlated with the possible payload, thus on small mobileVolkswagen & Technical University of Braunschweig, Ger-

sensor platforms only light sensors can be implemented. Th&any) Moore and Lu2011 Saust et &).2011). Within the

bigger the vehicle, the more requisites need to be fulfilled duecarOIO'CUD event, German student groups are requested to

to federal regulations or ambient claims. Also, due to tech-d€velop the best possible guidance for an autonomous ve-

nological development, platform sizes have become smalleficl€ in dlffe;]ent sct()ananoshllke. obstaclr:a av§|danm(1rer,
and smaller, down to hummingbird size with only 19 g and a2013' On t, e web porta ttp,//vvww.t 1ero ot.report.com
small video cameraieroVironment Inc, 2013. Tobe (2013 informs about educational institutions, research

facilities and labs working in robotics and publishes contin-
uously other related news in this area. More details about
special ground carrier systems for agricultural usage will be

Using a vehicle or a mobile platform for data acquisition of- given in Sect3.1

fers the possibility of automation or autonomy of a system,

and, compared to manual data sampling, more ground cover g 3 Remote and aerial platforms

age is possible. Process routines can be adapted on the mo-

bile System via an architecture mode|, for merging data’ in_After the successful start of powerful ballistic miSS”eS, satel-
creased analysis speed and less operator fatigue or failurektes in the orbit have been used for a wide range of ap-
Data transmission is linked to a server and enables live viewglications, like navigation, weather research, telecommuni-
of the acquired data. In case of measurement errors, the og:ations or environmental monitoringichharia 1999. For
erator is able to react immediately, repeating the data acquiddricultural scope, the spectral properties of the vegetation
sition or changing the adjustments due to an easier systerdt® important Tucker and Sellers1986. Images provided
overview. The decisions and necessities of a projgetathe by satellites are a common source for analysing larger re-
mobility of the operated platform, which will be explained in gions or fields in order to detect crop health, nutrient sup-
detail in the following. ply, weed patches or the general crop conditibncker and
Sellers 1986 Moran et al, 1997 Pinter et al. 2007, Lopez-
Granados2011, Bernardes et gl2012. However, the lim-

its often lie in the low spatial resolution of these images or
Aquaculture is facing the situation of a continuously grow- cloud covers in the images. For small-scale areas of interest,
ing fish consumption. Fish farms benefit from research donee.g. field trials in agriculture, higher data resolution needs
in marine applications to reduce stress on the fish and for betto be gathered in order to have a better detection precision
ter observation of fish cageBrost et al. 1996. While Frost  in the surveyed area. Firstly, the usage of manned full-scale

2.8 Mobility

2.8.1 Sea vehicles
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Table 1. Categorisation and definitions of unmanned aircraft systems (basglteoret al, 2011). MTOW = maximum take & weight.

UAS Category Acronym Altitude [m] Endurance [h] MTOW [kg]
Nano Aerial Vehicle NAV 100 <1 <0.025
Micro Aerial Vehicle MAV 250 1 <5

Mini Aerial Vehicle MAV 150P-300° <2 <30 (15®)
Close Range CR 3000 2-4 150

Short Range SR 3000 3-6 200
Medium Range MR 5000 6-10 1250
Medium Range Endurance MRE 8000 10-18 1250

Low Altitude Deep Penetration LADP 50-9000 0.5-1 350

Low Altitude Long Endurance LALE 3000 > 24 <30

Medium Altitude Long Endurance MALE 14000 24-48 1500

High Altitude Long Endurance HALE 20000 24-48 (45p@2 000

ain Japan,b depending on national legislatichPredator B.

aircrafts arose, which could be planned with more flexibil- aircraft vehicle system (UAVS)IDGA, 2013 FAA, 2013
ity and much faster than satellites. Furthermore, th@gro ICAQO, 2011). The International Civil Aviation Organization
to carry most equipment loads. The mission costs are, how{ICAQO), an agency of the United Nations, started to use th
ever, disadvantageous. Within the last few years, the idea oferm remotely piloted aircraft system (RPAS) instead of UAS
using Unmanned Aerial Vehicles (UAV), i.e. unmanned air- (Allen et al, 2011).
craft systems (UAS) became popular. Their advantages are Right now, there are still a lot of fferent terms in use
flexible use and inexpensive implementation without pilots which might cause confusion. The ICAO from Canada, th¢
on board. As for ground vehicles, several UAV competi- CAA from the UK, the Institute for Defence & Government
tions for students are arranged, e.g. imernational Aerial ~ Advancement (IDGA), the Federal Aviation Administration
Robotics Competition (IARG)with two parallel venues in  (FAA) from the USA, as well as many other institutions like
Grand Forks, ND, USA and in Beijing, China, tbd&V Chal- Eurocontrol from Belgium, the European Aviation Safety
lenge — Outback Rescineld in Kingaroy, QLD, Australiaor Agency (EASA) from Germany or the European Organiza-
the UAV Student Competitiorin Ottawa, Ontario, Canada tion for Civil Aviation Equipment (EUROCAE) from France
with different types of aerial vehicles and customised sen-are working in the topics of definitions, standards and safety
sors. concerning unmanned aircrafts (UA). In their publicationg
According to TheUAV (2013, “UAVs can be a remote further information is given, e.g. in ICAO Circular 328, CAP
controlled aircraft (e.g. flown by a pilot at a ground control 722, or WG 73.
station) or can fly autonomously based on pre-programmed Watts et al(2012 described classification terms for aerial
flight plans or more complex dynamic automation systems”.vehicles depending on their flight time endurance, size an
Advanced UAV can be equipped with built-in control and flight altitude following existing military descriptions. The
guidance systems to perform speed and flight path stabilizaefficially used terms are summarised in Talildased on
tion, as well as waypoint following, but they are not au- Allen et al.(2011), which are all referring to unmanned air-
tonomous at allTheUAV, 2013. The Civil Aviation Author-  craft systems.
ity (CAA) defines a UAS as “individual ‘System Elements’  National regulations are howevefigirent everywhere and
consisting of the unmanned aircraft (UA) and any other Sys-the discussion about safety and privacy has arisen. Only fg
tem Elements necessary to enable flight, such as a Remof&ivate use in Germany, §16 LuftVO permits a maximum
Pilot Station, Communication Link and Launch and Recov- take df weight (MTOW) of 5 kg for starting and landing ev-
ery Element”, whereas UAV is a legacy term and obsoleteerywhere. All other usages, independent of their MTOW, re
(CAA, 2012. Therefore, in the following, the term UAS will quire a special permission due to federal regulatidid.],
be used for describing aerial platforms. 2012. In the United Kingdom, according to 8§ 166, 167,
Especially in the military sector, UAS are also named 253 ANO2009, no registration for an aircraft below 20Kkg is
drones. Balloons and kites are excluded from this term. Anneeded, but an operating permission and an appropriate pil
important objective for UAS will be to operate without hu- qualification is requiredGAA, 2009. The FAA in the USA
man intervention across all flight sectofSAA, 2012. Be- restricts the usage of UAS to a maximum of 122 m (400 feet
sides the two terms UAV and UAS, many others are in useabove ground level and ficient distance to populated ar-
like the vertical take f§ and landing (VTOL) system for eas and full-scale aircrafts. For business purposes a Sped
copters Watts et al.2012), as well as remotely operated air- Airworthiness Certificate-Experimental Category (SAC-EC)
craft (ROA), remotely piloted vehicle (RPV) or unmanned is required additionallyRAA, 2013.
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Table 2. Different types of UAS categorised intdférent propul-  2.10 Degree of automation

sion and wing types. o ) .
Manual applications require much supervision. Errors can

Electric-Combustiofdet-turbine happen with inp_reasing numbers of working hours, causing
- . . lower repeatability accuracy. The more complex the process,
Fixed Wing Rotary Wing the more possible sources for errors are given. Therefore,
Wing aircraft Helicopter process automation was enforced in many areas to reduce
Flying/Deltawing  Multicopter human errors and improve quality and quantity. The more

independent the degree of automation, the more complex the
whole system is. “Automated” and “autonomous”, are terms

Within the last decade platform sizes have become smallethat have to be dierentiated.
and smaller since starting with RS data acquisition. As an ex- Automation in general means “the application of machines
ample for aerial platforms, the decrease was from (1) satelf0 tasks once performed by human beings or, increasingly, to
lites, to (2) full-scale aircraft. Nowadays, (3) multicopter are tasks that would otherwise be impossibl&ngyclopaedia
used more frequently, and the actual smallest aerial vehicl@ritannica 2013. Reasons for process automation are im-
is the size of a (4) hummingbird. Increasing in relevance toProved and uniform quality, increased performance, reduc-
research projects is the micro aerial vehicle (MTQWkg) tion of process costs and relief of human burden of heavy
and mini aerial vehicle (MTOW 30kg). In recent years, an Physical or monotonous workS€huler 1994. While au-
important focus of research groups was on the imp|emen10mation rules can have many dependencies, interactions and
tation of helicopters and microcopters. A variety of terrains linkings, a system failure would need to be resolved by a sys-
makes their usage highly flexible and adaptable to many diftem specialist.
ferent tasks. Specific groups working in the field of UAS for  Autonomy covers the concepts of freedom from interven-
research are presented in S&® Beside wind and rotor air tion, oversight or control of an operator or another system for
vehicles, flapping wing UAS, e.g. from the Dutch company decision making (e.gEvans et a|.1992 Barber and Mar-
Green X(Enschede, Netherlands) or the “SmartBird” from tin, 2001, and has a more comprehensive meaning of inde-
the German companiesto(Esslingen, Germany), are cur- Pendence of control with learning, development and reacting
rently in developmental focus. Another milestone with flap- ProcessesImithers 1997 Pfeifer and Scheie2003).
ping wing technology is a nano UAS, the “Nano Humming- Automated and autonomous systems can substitute the
bird”, by the US companyeroVironment, Inc(Monrovia, most trivial working routines, are able to reduce labour costs
CA, USA). This UAS has a wingspan of 16 cm, a TOW of and are not dependent on restrictions regarding the number

only 19 g, and is equipped with a small colour video camera®f hours in a working day. If automated or autonomous tech-
(AeroVironment Inc.2013. nology are to be available on the market, easy-to-use controls

are necessary. The operator needs to have a system that is eas-
ily adjustable and manageable whilst an architecture behind
regulates the necessary system modifications. A remote ser-
Depending on the time duration for each campaign or thevice support, in combination with an online diagnostic tool
power requirement of the whole system, the propulsion type(e.g. realised with telemetry systems), could be a solution
for the mobile sensor platform needs to be selected. The erto merge both needs. The main reason for the implementa-
ergy supply for a platform with the auxiliary equipment is tion of autonomous instead of manual or automatic systems
a fundamental criterion. UAS propulsion can be further dif- is their ability to react. This is fundamental for control pro-
ferentiated by several criteria (see Taldle While on the  cesses. Autonomous systems are capable to detect obstacles
ground, electric and piston-driven vehicles are common; inand to react immediately, i.e. they can move around and avoid
aerial applications, turbine propulsion has also been devela collision. Automated systems have serious problems if an
oped. Installations on ground platforms can have hybrid sys-obstacle appears (e @rowley, 1985.

tems installed, i.e. where a combustion engine powers the

gear drive, and an alternator charges the battery. As combus- )

tion engines cause higher levels of vibration, electric drives?-11 Software architecture

are implemented mainly on small aerial platforms. On IargerAccording toOretiack and Christensef2003, the most ef-
aerial platforms 10kg), combustion engines are necessaryficient strategy for designing autonomous systems or robots

to ensure higher flight time endurance and more range. Thes e implementation of a software architecture. Moreover,
energy supply for a platform with the auxiliary equipmentis Nepot et al. (2011 explained the importance of a control-

a fundamental criterion. ling architecture in order to run a mobile sensor platform
with a higher degree of automation. As the most important
part of a robotic system, it has to allow coordination and co-
operation between thefiérent system elements. “The right

2.9 Propulsion
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Table 3. Architecture models for field robots, sorted by year of publication. Latest information 5 April 2013.

Architecture model Author Year
Blackboard control — Hayes-Roth 1985
Saphira - Konolige et al. 1997
TeamBots Team robots Balch 2013
BERRA Behaviour-based Robot Research Architecture Lindstrom et al. 2000
Umbra “Shadow” (lat.) Gottlieb et al. 2001
CARMEN Carnegie Mellon Navigation Montemerlo etal. 2003
MARIE Mobile and Autonomous RoboticsIntegration Environmen€oté et al. 2006
ORCA Organic Robotic Control Architecture Makarenko etal. 2006
AGROAMARA Agricultural Autonomous Multi-Agent Architecture Robot Garda-Ferez etal. 2008
ROS Robot Operating System Quigley et al. 2009
MRDS Microsoft Robotics Developer Studio Cepeda et al. 2010
AGRITURE AGRIcultural architecTURE Nebot et al. 2011
FroboMind Field Robot Architecture Jensen et al. 2012

choice of the architecture can facilitate the specification, im- The framework Umbra enables the generation of models

plementation and validation of the applications implementedand simulations for intelligent system development, analysis
for the system” Nebot et al, 2011). Robot architecture has experimentation and control. Umbra supports the analysis ¢
been developed with having in mind principles such as scalacomplex robotic systems and bridges between low-level en
bility, code reuse, abstraction hardware and data distributiorgineering and constructive-level scenario simulation environ
(Nebot et al.2011). “Having a universal system, modularity, ments Gottlieb et al, 2007). It is a commercial product of

openness, extendibility and simplicity are important assets"Sandia National Laboratories (Albuguerque, NM, USA). An-
(Orelack 2004. Makarenko et al(2006 proposed that a other product theyfber is also used for robots; the so-called
“successful framework for a robot should be (1) open source SMART, the Sandia Modular Architecture for Robotics and
(2) distributed under a license which allows use in com-Teleoperation. CARMEN is an open-source robot contro
mercial applications, (3) modular, and (4) distributed with toolkit and was created for ease of use, robustness and €

a repository of tested and documented modules.” tensibility. It was designed as a modular software architec-

A comparison among ffierent contemporary architectures ture with modules containing localisation, collision detec-

for robots is shown and evaluated Bgbot et al(2011). The  tion, navigation, and hardware management and communica-

authors discussed architectures for the field of cooperativéion (Montemerlo et al.2003. The open-source framework
robot systems (see Se@.6 Sensor configuration). A sum- ORCA is a component-based robotic systems for develop
mary list of architecture models of robots and platforms ising purposes, released und€sPL and GPL(GNU (Lesser)
given in Table3. One of the first systems for the problem- General Public License) licenses. It provides the means fg
solving process of artificial intelligence was the blackboarddefining and developing the building blocks, which can be
control architecture. It consists of three major componentspieced together to form arbitrarily complex robotic systems

(1) software specialist modules, (2) a blackboard like a dy-For development and integration of new and already existing

namic library, and (3) a control shell. The control unit acts robotic software, the framework MARIE (Mobile and Au-
as a gatekeeper to determine which independent computdenomous Robotics Integration Environment) was designe
tional modules could communicate to the blackboard at wha{Makarenko et a). 2006§. Garda-Ferez et al.(2008 de-
time (Hayes-Roth1985. Oreliack and Christense(2003 signed an agent of behaviour architecture named AGROA
studied more recent results by describing three architectureslARA, for autonomous navigation of a mobile robot. This
(1) Saphira, (2) TeamBots, and (3) BERRA. SaphKar(o- multi-agent architecture was implemented on an articulate
lige et al, 1997 is a robot control system with integrated tractor and éers a methodological framework for farming
routines for sonar sensor interpretation, map-building andoperations, perception and control algorithms. The Robag
navigation. The system TeamBots Bglch (2013 was used  Operating System (ROS) was developed in 2007 by Star
for single- and multi-agent mobile robotics while BERRA ford University, USA. “ROS encourages well-defined data
(Behaviour based Robot Research Architectuk@&)dstrom flows through ROS-topics and has become popular in rece
et al, 2000, the most complex system of these three, wasrobot projects due to its open-sourB&D (Berkeley Soft-

designed for goals of scalability and flexibilit9fetiack and  ware Distribution) license and good online documentation’
Christensen2003. The aim of their study was to give an (Quigley et al,2009. Cepeda et a[2010 presented the Mi-
overview of existing architectures. Finally, they proposed acrosoft Robotics Developer Studio where they tested speeq
generic design for a new robot architecture. recognition, vision and sensor-based navigation. The MRD
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environment was programmed for robot control and simula-sions from several experts. Methods of decision fusion in-
tion and allows for the achievement of complex behavioursclude voting, fuzzy-logic, and statistical methodElrhenre-

for a wide variety of robot hardware. AGRITURE was de- ich, 2002.

signed for implementation of a control system on a team Fusion algorithms can be classified into four methods of
of mobile robots in agricultural environments. It can inter- (1) estimation, (2) classification, (3) inference, and (4) arti-
act with real and simulated devices, which is useful for op-ficial intelligence. Configured in the modules of robot archi-
timizing the whole systemNebot et al. 2011). FroboMind,  tecture, the fusion of information is a necessary step for data
based on ROS, is a conceptual architecture for a robot conanalysis and decision making. For autonomous vehicle navi-
trol system. It is open-source and designed for field roboticggation, data fusion is used, e.g. for visual target trackiim (
research. The concept was recently presented at the CIGRet al, 2002 Jia et al, 2008.

AgENg 2012 conference hlensen et a(2019).

2.13 Data analysis

212 Information fusion The analysis of data is an essential part for coming to deci-

The terminology used to describe fusion systems is usedions and making applications. The analysis process consists
in a wide and diverse variety of ways in the literature. In Of several parts. First, the generated data need to be con-
technical publications, the terms “sensor fusion”, “data fu- trolled. For manual postprocessing a convenient data editor
sion”, “information fusion”, “multi-sensor data fusion” or is necessary. The next Step involves Cleaning the data from ir-
“multi-sensor integration” refer to ffierent techniques, tech- regularities or wrong information. Afterwards, the corrected
no|ogiesy systems or app"cations with gathered data fron'flata must be transformed to SpeCial file formats in order to
multiple information sourcesRothman and Dentgri991). analyse it with software programs for modelling. Several re-
“Dasarathy(2001) decided to use the term ‘information fu- gression models are developed to analyse data. Classification
sion’ as the overall term for fusion of any kind of dat&l{  algorithms are used widely for image analysis and fusion ap-
menreich 2002. An exact definition of information fusion proaches. In addition to algorithm methods for classification
is given by thelnternational Society of Information Fusion tasks, data mining, (knowledge discovery) can be applied,
(ISIF): “Synergistic integration of information fromfiierent ~ butis still a rather unexplored process.
sources about the behaviour of a particular system, to sup- There are basically two uses of sensors on platforms; nav-
port decisions and actions re|ating to the systeﬁimen- igation sensors and mission sensors. An important principle,
reich (2002 introduces sensor fusion as the “Combining of implemented to autonomous vehicles or robots, is the simul-
sensory data, or data derived from sensory data, from distaneous localisation and mapping (SLAM), fusing navigation
parate sources such that the resulting information is in som@&nd mission sensor data. fizirent sensor types are used in
sense better than would be possible when these sources wesdCh a system to acquire data from the environment. With
used individually.” this data, the analysis algorithms are defining the exact loca-
Basically all creatures do sensory and information fusion.tion of the vehicle and keeping its track (elurrant-Whyte
Each in their own way, they combine the impressions of dif- and Bailey 2006 Blanco et al.2009.
ferent senses with learned knowledge, experience and mes-
sages from living environmenE(menreich 2009. Regard- 3 Sensor platforms in agriculture
less of their terminology, sensor fusion techniques all benefit
from (1) robust performance, (2) extended spatial and temWith the availability of satellite data for civil use, the anal-
poral coverage, (3) increased confidence, (4) reduced ambiysis of spectral reflectance characteristics of plant canopies
guity and uncertainty, (5) improved resolution, (6) improved started in the late 19703 {cker, 1980 Tucker and Sellers
system reliability, (7) robustness against interference, and986. Since remote sensing (RS) research is an investiga-
(8) increased dimensionalitBos< et al, 1996 Grossmann  tion topic with many scientists involved, the developed meth-
1998. ods for detecting and classifying objects are advanced and
Based orDasarathy(1997), fusion approaches can be cat- used in many applications, e.g. in archaeology, geoinformat-
egorised by a three-level model: (1) low-level fusion or raw ics, geophysics, land surveying, mining or agricultluwamnb
data fusion, (2) intermediate-level fusion or feature-level fu- (2000 named three essentials for an RS system: (1) provide
sion, and (3) high-level fusion or decision fusion. “Low-level cost-dfective data, (2) be capable of acquiring and providing
fusion or raw data fusion combines several sources of rawinformation in a timely manner, and (3) have user-defined
data to produce new data that is expected to be more informaspectral characteristics to allow for adjusting of specific crop
tive than the inputs”Elmenreich 2009. Intermediate-level indicators Lebourgeois et a/2008.
fusion or feature level fusion fuses features like lines, edges, All efforts done in agricultural research have to serve this
textures or positions from various data sources into a newgoal: growing more and better output with less input and
feature map for increased information contdBingenreich  with less environmental impact. Sensor platforms can help
2002. “High-level fusion or decision fusion combines deci- to reach this goal by monitoring crop status and applying the
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Table 4. Robotic ground vehicles in research as possible platforms for agricultural scopes. The described robots are mainly from Eu
research projects and private companies. Robot names are linked to more information. Latest information 7 May 2013.

Robot name Task(s) Institution

AROCO Obstacle detection, National Research Institute of Science and Technology for Environment and
Digital Elevation Map  Agriculture (CEMAGREF) & LASMEA, Aubiere, France.

Large scale Modular system Department of Automation and Systems Technology, Aalto University,

unmanned tractor Espoo, Finland.

Nuntius Modular system Dorhout, D., Dorhout R&D LLC, lowa, USA.

Neobotix Modular system Neobotix GmbH, Heilbronn, Germany.

Grizzly, Husky Modular systems Clearpath Robotics Inc., Kitchener, ON, Canada.

Prospero Modular system Dorhout, D., Dorhout R&D LLC, lowa, USA.

Robosoft Modular system Robosoft SA, Bidart, France.

Volksbot Modular system Fraunhofer IAIS, Sankt Augustin, Germany.

right amount of nutrients or pest controls, but actually, moreweather and field surface conditions, but only a few sensof
work needs to be invested. Mostly, single sensor approacheare commercially available for on-the-go measurement o
on vehicles are used in combination with true ground samplesoil properties Adamchuk et al.2004). Taylor et al.(2006
data as reliable reference. presented experiences and results for soil-property sensit
on a multi-sensor platform. Mounted on a John Deere trag
tor, Sibley et al.(2008 implemented a soil nitrate mapping
system, which showed the same accuracy in the field as in th
In the early 1970s, researchers had already taken advaraboratory.Dabas et al(2000Q used a sensor to measure the
tage of ground vehicles for RS data collectioN-Abbas electrical resistivity in soil. As a further step, a sensor systen
et al, 1972. Since this time, an increasing number of sen- for soil sensing, integrating electrical conductivity and pH
sor platforms and robots have been developed. The web pomapping on a tractor-implement combination, has been in
tal for Agricultural Roboticslfttpy//www.unibots.comgives  vestigated bylonjak(2011), where fields were mapped with
a general informative overview. Several robots used in re-online sensing technology, as well as systematic grid san
search projects for agricultural purposes are described. Theling. Adamchuk et al(2010 explained fusion approaches

3.1 Ground vehicles

web page lists finished, as well as ongoing, agricultural robofor soil and crop data and their importance. The running Eur

projects and their managed tasB$ackmore 2013. Grow- ropean projecOPTIFERTIs aiming at the realisation of a
ing numbers of new projects show their strong relevance insensor platform for georeferenced measuring fidént soil
today’s agriculture due to high prices of resources and in-ons to allow precision fertilisatiorC(oyle et al, 2013.
creased demand of organically grown food, as well as fast

advances in technolqu. Sensor platforms gnd robqts inagriz | 5 platorms for plant characteristics
cultural usage are still part of research topics at universities,
some of them in collaboration with industry partneBsack- Plant characteristics such as biomass, leaf area index or nut
more 2013 Tobg 2013. Most recent robotic vehicles, as ent status provide information about the current status of th
listed in Table4, can provide a possible basis for future RS plants, which hints at growing conditions within the field.
platforms in agriculture. Tabl& gives an overview of the Faster detection and analysis methods for plant charactd
robotic ground vehicles equipped with RS equipment mainlyistics can support the reduction of lots of manual work for
from European research projects. data acquisition. In plant breeding this is still a necessar

In the following, applications implemented on ground step. Plant phenotyping like in the German project Breedt

platforms will be described with the approaches being used/ision can help to attain precise results in plant-breeding
and their focus on crop and soil characteristics. processes. Morphological and spectral information in crop
with low density, e.g. corn, are measured and automaticall
fused together. This is done with a light-curtain, spectrome
ter, RGB (Red Green Blue) camera, 3-D-Time-of-flight cam-
Site-specific information about soil, which provides informa- eras and a distance sens&uéemeyer et gl.2010. The

tion about yield limiting factors, can be used to derive man-fluorescence sensor, Multipfx(Force-A, Orsay, France),
agement zones within a heterogeneous field and thus praised at the University of Hohenheim, Stuttgart, Germany
vide the possibility to apply input factors based on the exist-showed good correlations to nitrogen status and yield in win
ing demand Fraisse et al.200% Mzuku et al, 2005. Sen-  ter wheat Martinon et al, 2011). Stabilizing algorithms for

sors that operate close to the soil surface are fietged by  video cameras can be integrated for inter-row navigation an

3.1.1 Platforms for gathering soil data

WWW.j-sens-sens-syst.net/2/51/2013/ J. Sens. Sens. Syst., 2, 51-72, 2013

ropean

7]

9

e

=

ri-

)

T U



http://cdn.intechopen.com/pdfs/10577/InTech-Reliable_localization_systems_including_gnss_bias_correction.pdf
http://cigr.ageng2012.org/images/fotosg/tabla_137_C0315.pdf
http://cigr.ageng2012.org/images/fotosg/tabla_137_C0315.pdf
http://www.dorhoutrd.com/home/nuntius
http://www.neobotix.de/automation-robotics-home.html?L=1
http://www.clearpathrobotics.com/
http://www.dorhoutrd.com/home/prospero_robot_farmer
http://www.robosoft.com/
http://www.volksbot.de/index-en.php
http://www.unibots.com/Agricultural_Robotics_Portal.htm
http://www.optifert.eu/

60 C. W. Zecha et al.: Mobile sensor platforms

Table 5. Ground platforms equipped with remote sensing equipment for agricultural purposes. Robot names are linked to more information.
Latest information 7 May 2013.

Robot name Task(s) Institution

Armadillo Scout Obstacle detection, Griepentrog, H. W. et al., Department for Instrumentation and Test Engineering,
scouting, 3-D-mapping, University of Hohenheim, Stuttgart, Germany, University of Southern Denmark,
weeding Odense, Denmark and KU-LIFE, University of Copenhagen, Denmark.

ASuBot Obstacle detection, Jensen, K. et al., Institute of Chem-, Bio- and Environmental Technology, Univer-
weeding sity of Southern Denmark, Odense, Denmark and Aarhus University, Denmark.

BoniRob Plant phenotyping Ruckelshausen, A. et al., University of Applied Sciences, @skaBermany and

Amazonen-Werke H. Dreyer GmbH & Co. KG, Hasbergen, Germany.
BreedVision Plant phenotyping Ruckelshausen, A. et al., University of Applied Sciences, @skalBermany,

Amazonen-Werke H. Dreyer GmbH & Co. KG, Hasbergen, Germany and State
Plant Breeding Institute, University of Hohenheim, Stuttgart, Germany.

DEDALO Obstacle detection, de- Garda-Alegre, M. C. et al., Centre for Automation and Robotics, Spanish National
tection and classifica- Research Council & Systems Engineering and Automation Department, Carlos IlI
tion of objects University of Madrid, Spain.

Hako Obstacle detection, Griepentrog, H. W. et al., Department for Instrumentation and Test Engineering,
mowing, precision University of Hohenheim, Stuttgart, Germany and KU-LIFE, University of Copen-
seeding, hoeing, hagen, Denmark.
spraying

HortiBot Row detection and Melander, B., Aarhus University, Denmark and Research Centre Flakkebjerg,
spraying Slagelse, Denmark.

Robotic arm Plant care & nutrition, Johnson, L. and Dyar, S., Massachusetts Institute of Technology (MIT), Cam-
fruit harvesting bridge, MA, USA.

Sensicle Weed detection, crop  Claupein, W., Gerhards, R., et al., University of Hohenheim, Stuttgart, Germany.
nitrogen status

\Volksbot RT-3 mod  Plant detection Weiss, U. and Biber, P., Robert Bosch GmbH, Schwieberdingen, Germany.

& mapping

Weedcer Image analysis, Berge, T. W. et al., Norwegian Institute for Agricultural and Environmental Re-
spraying search (Bioforsk), As, Norway, Adigo Ltd., Oppegéard, Norway and SINTEF Infor-

mation and Communication Technology, Oslo, Norway.

Zero2Nine Obstacle & Linz, A., Ruckelshausen, A., et al., University of Applied Sciences, Osi&br
row detection Germany.

field-mapping even if the terrain causes lots of vehicle vi-3.1.3 Platforms for plant protection

brations Gainz-Costa et gl2011). Recognizing contextual

information of crop rows by the use of machine vision on Mobile sensor platforms were also implemented for plant
a platform was first tested in the early 1990s. The methodsgrotection. Slaughter et al(2008 reviewed weed control

of steering a weeding tool within a few centimetres besidesystems on autonomous robots. The robots’ biggest chal-

a plant were taken, enhanced and commercialisedil®tt lenge remains detecting and identifying weeds under various
and Hagug(1999 and the Danish Institute of Agricultural agricultural conditions seen all over the wor&teiner et al.
Sciences $ggaard and Olse003 Pedersen et al2006). (2008 discussed innovative approaches in the area of remote

With new software advances and algorithms for analysis,and near range sensors used in site-specific plant protection.
imaging devices are in use by many research groups. Othdropez-Granado@011) recently reviewed the advances, lim-
topics dealt with plant stress caused by diseases like powderjations and opportunities of real-time and mapping ap-
mildew (Bravo et al, 2004 Groll et al,, 2007 or take-all dis-  proaches for discriminating weeds at early or late phenolog-
ease Gradf et al, 2009. Shiratsuchi et al(2009 used crop ical stages for site-specific weed management in cropping
canopy reflectance and temperature sensing for nitrogen ggystems. Several other projects are working on weed con-
water stress detection in combination with an ultrasonic senirol approached e et al, 1999 Ruckelshausen et a006
sor for crop height assessment. Weis, 2010, as weeds can be significantly reduced by using
decision rules with modern sensor and application technolo-
gies Gutjahr and Gerhard2010. AndUjar et al.(201]) de-
scribed an ultrasonic sensor approach for automatic discrim-
ination between broad-leaved weeds and grasses based on
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plant height with a high detection success. Due to recognizednilitary fields, e.g. theUniversity of Stuttgart, Germany
resistances of crops to chemicals and decreasing numbers @ittmann et al, 2011), the ETH Zurich, SwitzerlandBani,
available active chemical substances, advances in mechanica011), the Bochum University of Applied Sciences, Ger-
weeding are more relevant than ever. The challenge is to remany (Baumker et al. 2012 or the Delft University of
move weeds in all three locations: (1) inter-row, (2) intra-row, Technology, Netherland&le Croon et a).2012. The Au-
and (3) close-to-crogN@rremark et a).2017). For inter-row  tonomous Vehicle Group at Aalborg University, Aalborg,
weeding, commercial solutions are already available, andenmark is focusing on autonomous helicopters. Their re|
intra-row applications are in developmedi(gensen et al.  search is broad and reaches from slung load flight, flight
2007 Kam et al, 2009 Fischer 2012. Recently,Slaugh- in turbulent wind conditions, wind power meteorology but
ter et al.(2012 presented an intra-row weed control system also to applications with multispectral cameras, localization
for mechanical plant protection with a hoe in order to re- in swarms or monitoring the Arctic environmena (Cour-
move weeds growing between tomato plants. In order not taHarbq 2013.
damage the plant during the application, they documented Due to the fact that an increasing number of scientists ar
each position of the sown tomato seeds with RTK accuracyworking with these kind of planes and copters, Tablests
The ongoing RHEA (Robot Fleets for Highlyigctive Agri- main commercial vendors for MAVs in rotary and fixed-wing
culture and Forestry Management) projédtp//www.rhea-  configurations as an information source for aerial data acqu
project.eu)was launched in September 2010, and its’ goal issition projects in future.
the reduction of chemicals in agriculture through the use of
automated ground and aerial systems. An autonomous tra
tor could be used for mechanical and thermal weed contro
(RHEA, 2013. Within the last 5 yr UAS were also implemented into the agri-
In “Autonomous Systems for Plant Protectio®@riepen-  cultural research to gather information about plant characte
trog et al.(2010 described vehicles for monitoring, scout- istics and qualityFranke et al(2008, in collaboration with
ing and applying tasks, still being scaled to a research-basethe German Aerospace Center (DLR, Cologne, Germany
level of use. The main application for this group of robots detected powdery mildew in wheat with the airborne Hy-
will be firstly scouting and monitoring, including more ad- perspectral Mapper (Spectra Vista Corp., NY, USA). Two
vanced concepts in agricultural automation, such as the aphand-held spectrometers and an airborne hyperspectral cal
plication of herbicides or autonomous mechanical weedingera were compared vergaard et al2010 for predicting
The authors came to the conclusion that in countries withgrain yield and quality in spring wheat. At the University of
high product quality standards, high safety and environmenHohenheim, Germany, aerial reflectance measurements 3
tal concerns, as well as high labour costs, robots allow ecoeonducted with a digital RGB camera (Optiol0, Pentax Ri

3.2.1 UAS for plant characteristics

nomic cost reductions. Increased operatioffiatiencies and  coh Imaging Co. Ltd., Tokyo, Japan) and a spectrometer de

avoidance of negative environmental impacts are also posivice (tec5 AG, Oberursel, Germanyifk-Dolezal et al,
tive effects of their use. 201Q 2012. Lelong et al.(2008 showed that the quality of

spectral ranges reached by standard digital cameras is sui

able for RS, and that data preprocessing is quifecéve.
Hunt Jr. et al.(2010 used a filter for red light on several
UAS are already used in many research grolgisgnbeiss digital cameras without a near infrared (NIR) blocking fil-
et al, 2011 Herbst 2012 Zhang and Kovac®012. Due to  ter on a UAS. With these calibrated cameras, they conducts
their low price, low weight and flexible use, they are a pop- good correlations at 210 m between green normalizgdreli
ular tool for economical RS data acquisition. These aerialence vegetation index (gNDVI) and leaf area index (LAI).
systems are promising tools to gather data in a shorter timélso, Rabatel et al(2012 used a single standard digital RGB
than by a ground-based field vehicle, and in a cheaper wagamera for aerial field imaging at low altitude. They replaced
than it would be possible using a satellite or full-scale air- the internal NIR blocking filter by a low-pass filter set. This
craft. UAS equipped with digital cameras are used for obtain-method is a promising approach for a low-cost aerial sen
ing data, e.g. to create Digital Elevation Models (DEM) or sor system. In southern countries, a very hot and dry sun
Digital Terrain Models (DTM) for land surveying purposes mer is driving the need for irrigation. Better distribution of
(Turner et al. 2012 or for monitoring soil erosiond’Oleire water can be achieved by early detection of plant stress du
Oltmanns et a).2012. Due to weight issues for enhanced to water instficiency. ThereforeZarco-Tejada et a(2012
flight time, only small GPS receivers with low accuracy are used a UAS from QuantaLab IAS — CSICbKdoba, Spain,
used on small UASRIaha et al.2012). equipped with a thermal and a hyperspectral camera. The
Several projects with UAS used in agriculture are listed results showed that crown temperature and chlorophyll flug
in Table 6 with payload capacity (PL), maximum takéfo rescence were the best indicators for water stress detectid
weight (MTOW) and sensor configuration on the vehicles. However, fluorescence techniques within agricultural sens
Many other universities are working with UAS in non- ing platforms are still today barely in use due to the neec

3.2 Unmanned Aerial Systems
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Table 6. Recent UAS (research) projects with agricultural backgrotiskenbeiss et al2011). PL = Payload, MTOW= maximum take &
weight, RGB= Red Green Blue, NIR: Near infrared. Project names are linked to more information. Latest information 7 May 2013.

Project name Institution PL MTOW  Sensors
[ka] [ka]

X Fixed wing
AggieAir Utah State University, Logan, UT, USA 1.36 3.62 RGBIIR camera
Altimum 3e L'Avion Jaune, Montferrier-sur-&z, France 4 15 RGB multi-spectral camera
ARTINO Fraunhofer FHR, Wachtberg, Germany 5.4 25 Radar
Carolo 200 Technical University of Braunschweig, Germany 1.0 4-6 R&®ideo camera, Meteoro-

logical measurement unit
Carolo P330 Technical University of Braunschweig, Germany 25 15-25 Multi-speetthkermal camera
SeNGIS University of Hohenheim, Stuttgart, Germany 1.8 4.2 Spectrometer, RGB camera
Stuttgarter Adler  University of Stuttgart, Stuttgart, Germany 5.0 25 Spectrometer, R@i&rmal

camera

ﬁ ; Rotary WingMulticopter
Agricopter Humboldt University of Berlin, Berlin, Germany - - RGBNIR camera
UAV-RS University of lllinois, Urbana-Champaign, USA 11.5 14.0 Multi-spectral camera
ifgicopter University of Miinster, Minster, Germany 0.3 1.1 Temperature, Relative humidity
QuantalLab Quantalab IAS — CSIC, &doba, Spain - - NIR camera
SeNGIS University of Hohenheim, Stuttgart, Germany 2.0 4.3 Spectrometer, RGB camera
Smart Skies Australian Research Centre for Aerospace - 12.3 Laser, stereo camera
Automation, Brisbane, Australia

VIPtero National Research Council, Firenze, Italy 1.0 - Multi-spectral camera

of having direct or very close contact to the analysed objectand classification rules over arid rangelantaliperte and
(Tremblay et al.2011). Rangg 2008 and over cropsReia-Barragn et al, 2012
showed satisfactory and accurate results for species, group
of species and for crop rows. Inside tReIEA project Pdia-
Barragan et al.(2012 are using a multispectral camera on a

TheuDrones projec{Micro Drone Autonomous Navigation Mmulticopter for weed detection. The classification of image
for Environment Sensing) project, completed in 2010, dealtmosaics can be used for mapping and monitoring purposes.
with topics monitoring public and private sites, as well as The demonstrated approaches affecient and scalable for
the support of security teams in their wogkJrones 2013.  classification of similar vegetation.

From the results concerning hardware and software config- Mapping of Mediterranean riparian forests was the focus
urations, adaptions to related fields like agriculture can beof Dunford et al(2009. They achieved overall classification
done easily. In 2010Acevo-Herrera et al2010 published  accuracies of 63 % and 71 % for four species-level classes.
their results of airborne soil moisture mapping in cereal and

vineyard fields with a small UAS. Using a light r_adiometer 3.3 Autonomous platforms and swarm technology

at 1.4 GHz, they achieved low absolute errors in homoge-

neous fieldsMerz and Chapma(2011) used an autonomous In the near future, sensor platforms used in agriculture can
helicopter for RS missions in unknown environments. Thebecome a smaller and smarter form of a robot. In reporting
copter has been successfully deployed for autonomous imthe experience oielsen et al(2006, two criteria have to
age capturing for plant phenomics studies, and later, in a usbe taken into account regarding the development of an agri-
caseGeipel et al(2011) presented how to detect weed spots cultural robot: (1) tool changing with dynamic adoption to
with a multicopter and fber it as a service for PF. As the new applications with necessary implements, and (2) human
occurrence of weeds has a major influence on crop yieldjntervention so that the operator is able to change and influ-
the classification of weeds and the detection of weed patchesnce the system due to current and future needs. Based on
play an important role in agricultural research. Segmentatiorthe thesis ofAppel and Nielserf2009, Nielsen et al(2006

3.2.2 UAS for environment and weeds
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Table 7. Commercial suppliers of rotary and fixed wing hardware. Product name is linked to more information. Latest information 7 May
2013.

Company Product name Country

Micro rotary wingmulticopter &€ 5 kg)

Aeroquad Carancho Engineering LLCAeroquad San Pedro, CA, USA
AirRobot GmbH & Co. KG AR 100-B/12G'15G200 Arnsberg, Germany
Ascending Technologies GmbH Falcon 8 Krailling, Germany
Draganfly Innovations Inc. Draganflyer Saskatoon, SK, Canada
EMT Ingenieurgesellschaft FANCOPTER Penzberg, Germany
Fly-n-Sense Scancopter X&6 Mérignac Cedex, France
geo-konzept GmbH X2000, X8000 Adelschlag, Germany
Gyrofly Innovations Gyro 200500 Sa0 Jog dos Campos, SP, Brazil
microdrones GmbH microdrone Siegen, Germany
Mikrokopter HiSystems GmbH MikroKopter Moormerland, Germany
Multirotor MR-X8 Berlin, Germany
Novadem U130, NX110m Meyreuil, France

PC Quadrat GmbH X3D-BL UFO Nuremberg, Germany
service-drone.de GmbH G3 Berlin, Germany

Survex Copter Copter 1BCity/4 Pierrelatte, France

Micro fixed wing (< 5kg)

AGX Tecnologia Ltda Tiriba Sao Carlos, SP, Brazil

CALMAR Mapping Services CALMAR Crop Condor Remington, IN, USA

CropCam Inc. CropCam Stony Mountain, MB, Canada
Fly-n-Sense Seeker 1300 Mérignac Cedex, France
Gatewing NV X100 Gent, Belgium

Lehmann Aviation LFPV, LM450, LP960, LV580 La Chapelle Vendmoise, France
SmartPlanes AB Personal Aerial Mapping System Skelleftea, Sweden

senseFly SA swinglet CAM, eBee Ecublens, Switzerland

Thamm Geo-Technic Aurora, SUSI 62 Linz am Rhein, Germany

Mini Aerial Vehicle (< 30 kg)

Aeroscout GmbH Scout B1-100 Adliswil, Switzerland
AGX Tecnologia Ltda AG Plane, Arara TM1 Sao Carlos, SP, Brazil
Delft Dynamics B.V. RH2 Stern JD Delft, Netherlands
SARL Infotron IT180-5 THEL Massy, France

Mini Aerial Vehicle/Close Range< 150 kg)

Swiss UAV AG Neo, Koax, TU-150 Hybrid Niederdorf, Switzerland

described further principals of multi-agent systems and thevation and seeding, weeding, scouting, application of fertilis

collaboration between robots. They outlined the Explorer-ers and chemicals, irrigation and harvesting and would have

Transporter paradigm where the explorer consists of robot(s)he ability to work in teams as multi-unit¥cBratney et al.

for data acquisition in field and creating precise maps, and2005.

the transporter is the applicant of fertilizer or chemicals A further logical step from automation and autonomy of

based on the information of the exploring unit(s). mobile platforms is “swarm technology” or “swarm intel-
Due to the smaller size and lower weight of future plat- ligence”. Karaboga and Akay2009 surveyed algorithms

forms, they will be less intrusive to soil. They will not be as based on bee swarm intelligence. By adapting these ap-

weather dependent as today’s big machinery, and will collecproaches, several questions and challenges in research col

timely and accurate field information. The robots will be able be solved. To classify a swarm as having intelligent be

to scout and treat each single plant individuaBjsickmore  haviour, Millonas (1992 defined the following five princi-

et al, 2005. Blackmore and Griepentrd@002 gave an out-  ples:

look on autonomous platforms that may be available in the

future. These autonomous platforms would be used for culti-

d
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1. Ability to do simple space and time computations (the are changing dynamically and continuously. Variability or
proximity principle); heterogeneity in agricultural fields are caused by many nat-
N ] ) _ ural factors like terrain, soil, vegetation, illumination, visi-
2. Ability to respond to quality factors in the environment pjjity and other atmospheric conditions like wind or humid-
such as the quality of foodsfts or safety of location ity \hich vary in time and space, and are characterized by
(the quality principle); rapid changesBechar and Edar2003. These uncertainties
make it challenging for sensor data acquisition outdoors and

3. No single allocation of all resources along eXCeSSiVelymore variables have to be taken into account for sensor cal
narrow channels and it should distribute resources into,

many nodes (the principle of diverse response); Ibration and set-up. Factors which might hgve negative in-
fluences on sensor measurements whilst using them on sens-
4. No change of its mode of behaviour upon every fluctu- ing platforms are (1) vibrations due to the type of propul-
ation of the environment (the principle of stability); sion, (2) uneven terrain, (3) turbulences in air, (4) noise of
the vehicle itself, (5) pollution, dust or particles in the sur-
5. Ability to change behaviour mode when the investmentrounding area, (6) self-shadowing depending on the sun po-
in energy is worth the computational price (the principle sition and sensor height, (7) changes in illumination due to
of adaptability). clouds, (8) the distance to the desired measurement object,
or (9) the response time of the sensor its@lfggino et al,
Robot swarms are in development with an increasing in-19g5 Schilling and Jungiusl996 Schulz et al.2012. The
terest from a number of researchers working on the topicenergy consumed through the need for torque, for required
Aside from the Technical University of Braunschweig, Ger- maintenance of a complex carrying platform, and forfsta
many, the Fraunhofer Institute, Karlsruhe, Germany, the ETHq run the system, increase the acquisition process costs.
Zurich, Switzerland, as well the University of Pennsylva- \jogifications of chassis require permissions and must ful-
nia, Philadelphia, PA, USA, and the Center for Collabora-fj| certain legal requirements when a system is operated self-
tive Control of Unmanned Vehicles at the University of Cal- propelled on public roads for easier field changes or trans-
ifornia, Berkeley, CA, USA are all working in the field of portation, and even more for aerial or autonomous purposes.
UAS swarm intelligenceRurkle et al, 2011 Schattenberg  Nevertheless, higher ground coverage and more repeatable

et al, 2011 Schoellig et al.2012 Kushleyev et al.2012.  measurements per season with a continuous predefined set-
In the future, multiple vehicle units will also be capable of yp are the reasons why platforms are used at an increasing
path planning and interacting within a whole fle8&a(ri-  rate for sensing purposes and data collection in agriculture
entos et al.2011, Cartade et al.2012. To prevent colli- (Moran et al, 1997 Adamchuk et aJ.2004 Keller et al,

sions, or for exploration tasks, the absolute positioning 0f201])_ The results and approaches of these platform projects
all the swarm participants at every point in time is very im- ~an accelerate the way from PF to smart farming (SF), where
portant Schattenberg et ak01]). Adapting the approaches  sensors used for a wide range of agricultural tasks are the
for multiple robot motion coordination, autonomous vehicles goal.Smith(2002) noted in2002the term “smart” pertaining
moving along independent paths will be able to avoid mu-to farming. She focused on modern practices for reduction of
tual collisions Gimeon et al. 2009. The research teaBry yariable production cost§oodwin and Mishra2004). Stein

et al. (2013_, from th_e Massachusetts Institute of Technol- o 4. (2007) stated the necessity of appropriate procedures
ogy (MIT) in Cambridge, USA, has already reached a fur- anqg support tools to increase time from data to management
ther step in this challenge. They developed algorithms forgecisions, even more with a high amount of information as
autonomous control of an indoor GPS-denied UAS and sucyn modern farms. In farming systems, tractor-sensor combi-

cessfully tested an indoor flight in an underground parkingnations are still state-of-the-art for data collection and apply-

lot. ing tasks. Online sensor approaches are preferred for reacting
immediately to variable and heterogeneous field conditions,
4 Discussion passing a field, and throughout the whole growing season.

Combining larger scaled data from a UAS with the detailed
With manually driven, partly automatic, completely autono- point data from a ground-based vehiclgeos a wider range
mous mobile sensor platforms or robots, an increased semsf measurement values within a shorter time gap as well as
sor implementation is possible. Based on the knowledgeother relevant information, e.g. from an aerial image. As a
of stationary industrial robots, operational outdoor sensorhigh and real-time data resolution is important for field treat-
platforms and robots emerged in research. Due to constantnents, small multicopter are promising tools to involve them
structured and predictable indoor working environments, thein online data acquisition and application processes. Depend-
control and management of industrial robots can be doneng on the requirements of the data acquisition process, pre-
in an automated way. The implementation with the samecise georeferencing is an important feature to locate mea-
safety and accuracy for field tasks is more challenging duesured data exactly, even more for RS, e.g. of a UBRlta
to the rough and changing environmental conditions whichet al, 2019. Therefore a correction signal for the GPS device

J. Sens. Sens. Syst., 2, 51-72, 2013 WWW.j-sens-sens-syst.net/2/51/2013/



C. W. Zecha et al.: Mobile sensor platforms 65

Sensor Applicator
‘%ﬁ' Platforms Treatment
) - Legislation - Quantity
(0
) - Weight - Depth
- Endurance - Dosage

Detection
- Crops
- Weeds
- Deseases

)

Figure 2. Sensors on aerial and ground platforms for agricultural data acquisition. With the help of the measured data, the actuator cpntrols
the system and an aggapplicator carries out the treatment on the field.

on the UAS is necessary. To solve this issRéke et al. As most commercially available sensors are based on the
(2017 worked in the topic of high spatial precision using signals of a single sensor, this can lead to misinterpretatio
RTK accuracy on a UAS system to detect heterogeneity inof the situation in the fieldZjllmann et al, 2006. Samson
fields. et al. (2000 showed that nitrogen and sulphur deficiencieg
As the presence of weeds and grass weeds reduces crdyave diferent €fects on the laser-induced fluorescence sped
yield significantly, weed management is an important fieldtral signatures of a field sensor. If these deficiencies werg
application. In PF manyfeorts have already been made and taken into account, by using a sensor capable to detect this ef-
are in development with regards to reducing herbicide appli-fect together with other sensors, management decision would
cation amounts to protect the environment and reduce treatde more reliable and accurate. Mixed sensor signals can be
ment costs. Ultrasonic systems can be used for weed deteanother limitation due to an inexactly defined measurement
tion, as well as red and infrared images are used for weedpot to the canopy. Especially in spectrometry, these signal
detection and species discriminaticdndijar et al.(2011) overlays of plants and soilffect the measurement quality.
described detection success of 81 % in pure stands of grasséssolution to this problem is the spectral imaging technol-
and 99% in pure stands of broad-leaved weeds with an ulogy where spectral information for each single pixel is avail
trasonic sensor. Recenthpnddjar et al. (2012 predicted able Ruckelshauser2012. Also for electrical conductivity
weed presence in more than 92% of the cases. Herbicideneasurements data of other sources, e.g. of soil moisture,
use has been reduced up to 81 % by using bi-spectral camare needed to correctly interpret the valuBalfas et al.
eras for online detection of weeds and a map-based approac00Q Adamchuk et al.2004). According toAdamchuk et al.
for site-specific sprayingderhards and Oehe&l006. To de- (2010, more robust sensor solutions with higher reliability
velop an online weed detection and application system, fastewill become available for agricultural decision-making with
response time for decision and spraying components is rethe integration of greater quantities of sensor data. Regarding
quired Weis 2010. Response time of sensor systems is athe actual discussed topic smart farming, fusion technique
main criteria and aimed to be as short as possiBthglz  of a large amount of data sources from mission sensors, as
etal, 2012. well as navigation sensors will play an important role. There
In order to provide a versatile and costestive crop mon-  fore, on the one hand, easy to use decision support systems
itoring system,@vergaard et al(2010 suggested using a for the operator or farmer are necessary. On the other hand,
lightweight, specifically designed spectral device for a UAS. standardised system components are required. The ISOBUYS
Instead of expensive sensors, the focus of recent projectsmachine communication of the agricultural and forestry in-
have also low-cost consumer devices like digital camerasdustry, standardises e.g. connection plugs and data formats.
With little technical changes inside the device by removing Through this standard, the data output of a sensor can be
the internal NIR blocking filter, costfective quantitative analysed in the system, taken into account by the actuator
monitoring with good precision is possible. This principle and be sent as a decision to the applicator (seeZyighe
was used in the mid-1990s Wyveritt et al.(1995. How- work for ISOBUS and other standards is ongoing. It will be
ever, many technical aspects still have to be improved, likemandatory for future system solutions, having standardise
the location of spectral bands or the potential for reflectancenterchange of internal (machine) and external (e.g. databag
calibration {elong et al, 2008 Hunt Jr. et al.2010. UAS) data, as well as of system components.

>

[7)

D
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5 Conclusions As the implementation of mobile sensor platforms in agri-
culture is still at the very beginning, there are several knowl-
Within the last fifteen years more and more technology fromedge gaps which need to be solved in the near future. In PF,
research areas, like the defence sector or sensor engineeringie goal of growing more and having better output with less
were also implemented into agricultural research and pracinput is reflected in practice by the use of sensor technology
tice. Systems for automatic steering, site-specific crop treatin applying a more ficient quantity of fertilizers and less
ment or data mapping are quite common on modern farmsehemicals in fields. Sensor-based measurements in agricul-
More powerful electronics, inside of smaller and lighter de- tyre are already usedteiently for site-specific treatments
vices with robust performance, opened the door to new techin crops. But the usability of decisions support systems for
nological approaches in agricultural fields. With these kindsthe farmer still needs to be improved for easier management
of electronic aids becoming available, there has been greatgsee Fig?2). In agriculture, mainly online sensor solutions for
advancement within the areas of methods and applicationssitrogen application or growing height are developed. How-
Consequently, the idea of using mobile sensor platforms irever, the causes for variability in the field must be adequately
agricultural research has become more popular. However, byinderstood before sensor-based decisions can safely be used.
building up a mobile sensor platform for agricultural pur- Usable online systems for weed detection, crop diseases or
poses, several steps need to be taken into account. The catater status of the plant are still lacking.
egorisation tree in Figl provides an overview of relevant  Future applications in agriculture seem to have a strong
modules and information on how mobile sensor platform canneed for mobile sensor platforms according to the increasing
be categorised in general. number of agricultural research topics involving ground and

The main focus of this paper was to clarify, which mo- aerial vehicles. New sensor approaches with multiple sensors
bile sensor platforms are already in use or in developmentcan be developed, compared and tested with these platforms
especially in recent agricultural and closely related sciencepy fusing information for knowledge discovery. More opera-
projects. It has become evident that there are several plable systems for the final user with direct decisions made by
forms available for sea, ground and air usage. Many plata task controller in the machine are desired on farms. Mo-
forms are currently in use and listed in Tatddor ground  bile sensor platforms are most commonly used in monitoring
vehicles and Tablé for unmanned aircraft systems (UAS). and scouting applications. Currently, many of these projects
A choice can be made between affline approach (mea- are dealing with the detection of soil and plant characteris-
surement, calculation, and application are separate steps) @ics (see Tables). Here, UAS are promising platforms for
an online approach (sensor and direct application) with acreal-time data equipped e.g. with modified digital cameras.
tive or passive sensors. The availability of sensors is huge Sensor technology enables the protection of the environ-
and can be adapted to the necessary task based on optichent and the use of resourcefiaently, whilst at the same
thermal, magnetic, acoustic, mechanical, or chemical meatime allowing for even crop development and better harvest
surement methods. Especially mobile sensor platforms, usqualities. In the future, advanced platforms or robots also
ing different sensor systems simultaneously, provide the posneed to have the ability to apply, e.g. nutrients or pesticides to
sibility of comparisons and tests of new sensor approachesa defined management field zone or even to the single plant
and thus, help to develop suitable sensor systems for precispecifically. Recent research projects dealing with automatic
sion farming (PF). By implementing multiple sensors on ve- or autonomous robots and swarm technology have been de-
hicles and in practical application cases, their integration ascribed in this review. Future projects will involve swarm in-
redundant, complementary or cooperative configuration of+elligence and swarm behaviour on vehicles or platforms in
fers more reliable and more robust decision-making. many application areas.

Ground platforms and UAS were described that are work- Depending on the intensity of cultivation and the growing
ing either in manual, automatic or autonomous ways. Theregion, there will always be fierent technology levels of
more advanced the degree of automation is, the more funplatforms. The market, product quality, environmental con-
damental obstacle detection and collision avoidance are fogerns of each country, labour costs and human safety will
control processes that can be assured by several sensors. Rdither require middle or high technology level.
sion of the gathered information is an essential part of multi-
data sources. Information fusion was presented and the archi-
tecture models implementing these algorithms are outlined imicknowledgements.  The authors thank the Carl-Zeiss-
this manuscript. With this review it was obvious that mobile Foundation, Stuttgart, Germany for funding this work within the
sensor platforms are able to be applied to mapping, moniSENGIS project.
toring, scouting and applying tasks in agriculture. The de-
tection of weed or nutrient status in crops are two example%
for scouting and monitoring tasks. Further advanced applica-
tions still remain at research level.
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