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Abstral't. Envisionedrobots for rural and outdoor activities will navigate in semi-structuredenvironmentsand

executeintelligent taskswith the robotic actuatorsthey carry. Most actionswill haveto be doneavoidinga stop of

the mobile. Two problemsgeneratedby sucha conceptof machineareaddressedin this paper:how to navigatein a

partially known and evolving environment,and how to comhinc rohotic anll motions with its supportingmobile

platfonll oncs.Testsaremadeon thespeciallydesignedandhuilt agriculturalmohilerohotOTOMAT.

Key Words.Control Applications.Local Navigation.Artificial PotentialFields

1. INTRODUCTION

Rural outdoorenvironments,like forests,agricultural
openfields, orchards,or golf courseswill needin the
future, autonomousmachinesto executerobotic tasks
in an adaptive way. Performing such actions and
stayingprofitable, humanand environmentfriendly,
meansthat efficiency, rapidity and security will be
crucial. In particular:
* Navigationmethodwill haveto be flexible enough
to help finding an appropriate path in an
environment which is only partially known. and
wherenon-announcedobstaclescanappear.
* Robot actuators, using machine vision as their
main reference information, will have to execute
sophisticatedtasks,while their carryingplatform will
stay moving on an appropriate trajectory.
Combination of motions and referencesin the 3
involved coordinate systems(machine vision-robot
arm-mobileplatform) hasto be madeappropriately.
Stateof the art methodshave been found for both
problems, however they were not entirely solving
them. Complementarytheoreticaldevelopmentshave
beenmade,they are describedin chapter4 and 5 of
this paper. To implement and test these modified
methods,a completemobile robot hasbeenspecially
designed and built, this system is described in
chapter2.

2. DESIGN OF A SPECIFICMOBILE ROBOT:
O'TOMAT.

A completemobile robotic system,calledO'TOMAT,
able 10 work alone, executing tasks in a semi­
stmctured environments,has been developed (see
figure I). Its purpose is to validate the various
methodsproposedin the research,on a flat floor (2
dimensionalproblem).

Fig. I. Overall vue of robot O'Tomat

The four wheel mobile platform (MP) of this robot
has a steering control obtained by differential
rotation between the 2 electrically powered rear
wheels.the 2 non-poweredfront wheelsbeingfree to
rotate.Odometersare mountedon the rearwheels.It
advancesat speedsup to Im/s.
A target detectioncamerais rigidly mountedat the
front of MP.
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be task
in their
known

The robotic arm has 2 rotational joints for sphcrical
positioning,and thc mouvcmcntto thc targct for task
cxecutionis obtaincdby a telescopicdcvice.
The wholc systcmis small and light (50kg). A built­
in central PC -l8GDX type board managcsa VPIX
(BYTECH) framc grabbingboard, and 5 mono-axle
PELLENC-MAX control boards (I for each
electricalmotor: 2 on MP and 3 on the manipulator).
Battery mountings provide clcctric energy to thc
whole system.
The system has been tcsted in laboratory with
simulated workspace environments as mentioned
below.

3. NAVIGATION IN A SEMI-STRUCTURED
ENVIRONMENT

3.1. The artifcial potential field mcthod"APF".
Mobile robot navigation can be made using either
global or local methods:
* With global navigation methods, optimal
trajectories (Brooks, 1(83) and manoeuvring
(Pommier, 1(91) can be computed,but they imply
the knowledgeof the completeworking environment.
This meansthat integrationof unknownobstaeles,or
changing motion goal during the mobile robot
mission is time consuming,and not alwaysfeasible.
* The local navigation method allows incidental
eventsbut not global optimisation.
Mobile robots for mral environmentswill
oriented,dedicatedto executetasksscattered
environment In an only partially
arrangement.Suchtaskscanbc:
* curing damagedtreesin a forcst,
or
* spraying chemical on weeds among growing
vegetables,
or
* harvestingunevenlymaturedfmits,
or
* pmning landscapingbushesin a golf courseor in a
leisurepark
etc.
Most of these applications mean that tasks are
decidedand determinedwhen the robot is arriving
near the future task location, by some detection
means(mainly basedon machinevision).
For suchapplications,global navigationmethodscan
be applied only for a very rough definition of the
robot trajectory in its environment. Only a local
methodcan allow a local task definition to be takcn
into accountfor the trajectorycomputation.
In this paper. we will addressa particular local
navigation method based on the use of Artificial
PotentialFields("APF").
First developedby Khatib (Khatib 1978, 1(85), the
navigation algorithms using APF have interested
many researchersbecauseof their main advantages,

compareto other proposedmethods:low algorithmic
complcxity, integration of robot inertial
characteristics, natural understanding of the
phenomenaand simple computationfor on-machine
implementation.
In APF, navigation is madeby solving the following
differential eCluation:

with: M(x): Inertial Matrix
Fc: CentrifugalForce
Ug(x) = Ua(x) + Ur(x)
Ug: Global APF.
Ua: Attractive APF (goal)
Ug: RepulsiveAPF (obstacles)

Fig. 2: Exampleof global APF.

The trajectol)' of the robot tends to follow the
maximum negative slope betweenits starting point
and its target ("deep" valueof the gradient),avoiding
obstacles(representedby peakvaluesof the gradient)
Among various inherent limitations of the APF
method(Koren and Borenstein1991), the major one
for the type of conditions found in the semi­
structured environment applications, is the non­
convcrgenceinducedby the presenceof local minima
in the workspace description. In some cases,
generally in front of obstacles, the gradient slope
followed by the trajectory arrived in basin of low
gradient, from which no descending slope can
extract it,
A solution to this basicproblem hasto be found that
respectsall the advantagesof the APF method. A
new method is proposedin this paperwhich solves
the problem. The method allows also to compute
wcll-shapedtrajectoriesandpermitsin somecasesto
overcome saddles in the gradient surface, which
appcarbet\\eenobstaclescloseto eachothers.
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3.2. The local minima problemin the "APF"
potentialfields
Somesolutionshavealreadybeenproposedto solve
this problem.We canseparatethem in two classes:
1) thosetrying to modify the APF original methodto
avoid local minimum (Khoditscheck1988,Megherbi
and Wolovitch 1992, Noborio 1989). Khoditscheck
definesa referencespacewithout local minimum and
tries to find an homeomorphism with the real
workspace.Megherbi usesthe complexvariableand
the conform transformationsto solve the caseone
goal/oneobstacle.Noborio builds directly the force
field acting on the robot, using geometriccriterion's
on the obstaclesboundaries.
2) those, which use the original APF method, but
tend to extractthe robot from the basinof attraction
of the local minimum where the trajectory has
converged.(Barraquand1989 and Latombe 1991).
Barraquandusesthe principle of the thermodynamic
method named "simulated annealing", and gives
someincreasingenergyto the robot, in any direction.
The purposeis to haveit leavehis stablestateinside
the minimum. Latombe, having a global numerical
representationof the workspace, fills the local
attractingdomain.

The method proposed in this work should be
classified in a third class, in the sensethat it uses
basicAPF methodin its continousform. It is applied
continuously,all along the trajectory (but the goal)
without waiting for local convergence.

3.3. Our solution: systematiclocal deformationof the
"APF"
The general idea of this method has been
numerically developed in (Clavel 1992/I, Clavel
1992/2). It is basedon the systematicaddition of a
complementarylocal APF to the global one,designed
to destabilize and extract the trajectory from any
occurringminimum:

Destabilizinga minimum.
The way to destabilize a local mInimum is to
transformit into a local maximum. The study of the
stability is madeby usinga Lyapunovfunction, built
with the global APF as a basis.Thus neglectingthe
kinetic energy of the robot, the destabilisation
condition we obtain is stronger,dependingonly on
theforce field topology.
In the local domain D of the basin of attractionof
this local minimum:

D = { x / �~�(�x�,�t�) -> xmin when t -> oc }
with �~�(�x�,�t�) the flow associated.

Thebuilt Lyapunowfunction is the following:
L(y) = Ug(y) - Ug(ymin)
with ymin = x - xmin

We know that the flow associatedto the system
follows the decreasingvaluesof the APF, so the ones
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of the Lyapunovfunction. We haveshownin (Clavel
1992/1)that if we addthe local APF to Ug:

P(x) = F [ x , xmin ]
with F: a continuous,positive, finite, scalar
decreasing function calculated with the
origin xmin.

Thedestabilizingconditionon P(x) at the point xmin
is:

slope(P) > - slope(Ug)

Extractingthe robot from the local attracting
domain.
After the destabilizationof the local minimum, the
robot has to be pushedout of the basinof attraction
D.
To study this point, the Lie derivativeLxO is used.
The Lie derivative of a scalarfunction S, in x with
respectto the associatedvector field X, is equal to
the variation rateof F alongthe integral curveof the
vectorfield.
To extract the robot from the local attractionof D,
the integral curve associatedto the potential field
[Ug (x) + P (x)l must follow increasingvalues of
Ug(x). This is translatedin the following condition
on the Lie derivative:

The Lie derivativeof the potentialfunction [ Ug (x) ]
with respectto the vector field inducedby [Vg (x) +
P(x)] mustbe positive.

Lx ( Ug(x) ) :-grad[Ug(x) + P(x)] > 0

This leadsto (Clavel 1992/1):
slope( P(x) ) > - slope( Ug (x) )
n/2 < Angle[grad(P(x)),grad(Ug(x)]< 3n/2

Generalisationto thewhole motion
It is necessaryto avoid to study each local basin of
attraction and to wait for each local convergence.
This is why these 2 constraints,of destabilization
and of extraction.are appliedcontinuouslyall along
the motion of the mobile robot: this induce a local
APF. which is added systematicallyto the global
APF, at the currentpoint of the trajectory.Of course
for the global convergenceit vanishesat the goal. It
works as if the robot is always carrying his own
repulsive APF and we obtain a time varying global
APF:

Utotal (x,t) = Ug(x) + P(x,t)
with the origin of P(x,t) in the currentpoint
of the flow ( �~�(�x�,�t�c�) ).

3.4. Consequenceson thebehaviourof the mobile
robot.
The behaviourof the robot looks like the one of a
passivesurferalwaysfollowed by his wave.The local
APF reinforcesthe generalmotion directiongiven by
thestaticglobal one.



step 2

Fig. 3. 2-dimension representationof the robot
behaviour when passing through a local minima
underlocal APF influence.

In this example,robotbehaviourfollows 3 steps:
step I: The robot is following the decreasingvalues
of the global APF.
step2: The robot arrives at the local minimum and
the local APF destabilizeit.
step 3: The robot "climbs" the increasingvaluesof
the global APF, thanksto the energyof the local one.

step 1

current point

step 3
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Fig. 5. This is the basic case:one obstaclebetween
the start and the target. Comparedto the examples
shownin figure 4, the oscillationsphenomenonhave
been erased by an appropriate choice of APF
functions,obtaininga well shapedtrajectory.

Figure 6 and 7: In these cases of multi-obstacle
avoidance, the proximity of the obstaclesinduces
saddle shapesof the global gradient between the
obstaclesand induces also various minima. The
spacebetweenobstaclesis sufficiently large to allow
the robot to passthrough.
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Fig. 6. The saddle gradient between the two first
obstaclesdoesnot changethe trajectoryof the robot:
it hasenoughspaceto passthroughstraightahead.
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Fig. 4. An exampleof local APF actionwhenthe
trajectorymeetsminima in front of obstacles.

3.5. Experimentalresults.
Simulation.
The figures 5, 6, 7, 8 show the resultsobtainedby
applying the local APF method in a computer
simulatedsituation.The obstaclesaredesignedusing
super ellipsis equationswhich allow very different
shapeswith few parameters.We can model the cross
to the squarevia the ellipsis. A studyof the obstacle
shapeinfluencecanbe found in (Clavel 1990). It has
to be noticed that, for all these examples, the
attractive, the repulsive and the wave shapedlocal
APF havethe samevalues.We do not needto change
themwith respectto theenvironmentconfiguration.

Fig. 7. The direction of the motion is changedin
orderto avoid the obstaclesduring the overcomingof
saddles betwecn the various obstacles.The robot
follows the lcast repulsiveway.

�~�:�:�~�c�.�S�,�.�o ..
$

,.; ; I!i
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Fig. 8. The distancesbetweenthe obstaclesare not
sufficicnt for the robot to passthrough. It avoidsthe
five obstaclesas it would havedonefor a equivalent
largeonc.
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Experimentswith the mobile robot OTOMAT.
A set of typical cases of semi-stmctured
environmentshave been arrangedfor the robot to
find its trajectory through. Any change in the
workspaceconfiguration, for instance going from
onetestingconfigurationto the nextoneby changing
starting point, target and obstacles number and
positions, is obtained by simple reshapingof the
gradient function using a limited number of
parameters,thanks to the potential of the general
APF method of navigation. This is confirming the
potential of APF navigationmethodfor on machine
real time implementation.
However, with the global APF navigation method,
the robot ability to find its trajectory is dramatically
low in the type of semi-stmctured workspace
environmentsusedfor the tests,where minima types
of situation are numerous:applying the local APF
continuous wave principle has allowed the robot
navigationsystemto solve most trajectory problems.
Navigation is always complemented with local
conditions parameters: this allows the real time
managementof unpreviewedevents.
Actual behavioursof the robot, using the local APF
wave to determineon-boardthe trajectoryhavebeen
similar to the simulation ones as shown above in
figure 4 to 8. An averageprecisionof 25 cm hasbeen
obtainedfor trajectoriesof IOm long.
Compareto the normal global APF, the algorithm
complexity is severely changed. The computation
cost is just increasedby the time dependentAPF
force computing.The navigationsoftwareis adapted
to on-boardreal time computation.

Limitations have been found on 2 aspectsduring
theseexperiments:
* the actual robot trajectory was not continuous
enough,due to the limitation of the applied method
in taking the robot non-holonomyinto account.
* the target is attainedat a certain precision:but the
orientationof the Mobile Platformwhenapproaching
the target, in order for the task to be appropriately
executed,hasnot beenconsidered.
The latter point hasa major importancefor the next
aspectwhich is addressedin this paper.

4. COMBINATION OF ROBOT ARM / MOBILE
PLATFORM MOTIONS

4.1. An "On-The-Go"taskaction
An appropriateMobile Platform (called below MP)
navigationallows to passfrom a startingpoint to the
"MP final point" passing through different "MP
targetpoints" in the outdoorenvironment(MP target
points might be trees or bushes,for instance).The
MP shouldstay moving on an appropriatetrajectory
nearthe "MP targets",while robotic actuatorscarried

on board of the MP, have to executesophisticated
taskson the different "MP targets".
These actuators work on task targets called "M
target" (leaves, fmits, branchesfor instance)which
are positionedinside the "MP target" (trees,bushes,
etc.). The "M targets"are definedthroughthe useof
an on-board-MPmachinevision system.
Combination of motions and referencesin the 3
involved coordinatesystems(machine-vision,robot­
arm, mobile-platform)haveto be madeappropriately
for the task to beexecuted"on-the-go"of MP.
Most industrial mobile robots apply the tasks they
are des'igned for, only when they are stopped
(Dubowsky and Vance 1989). Thus, the problem of
controllinga robot arm mountedon a MP to act "on­
the-go" is seldomly found in the literature. However
some constmction robots have been studied with
such abilities like: painting, plastering, welding or
surfacing robots (lira, 1988; Salagnacet aI., 1990).
Generally their environment is well-known and
geometrically modelized, the task and the end­
effector are rather simple and, above all, these
mobile platformsuse their mobility to help the end­
effector motion control.(Schroederand Teutterer,
1990: Pin and Culioli, 1992)
There are also similar situationswhere the robot is
fixed, and the task scene is mobile, like robots
manipulatingparts taken on an industrial conveyor.
In thesecases,conveyortrajectoryis linear andspeed
is constant. This problem is also known as the
"Tracking Problem" (Anderson, 1985; Espiauet aI.,
1991:Houshangi,1990)
In this paper a method is proposed for such
combinationin a caseconsideredasbeinga common
situation in futur mral applications of mobile
robotics: (Sittichareonchaiet aI., 1989;Ballerin et al.
. 1991 and seeFig. 9).
* task detectionand definition, is madewith images
grabbed through a machine vision system (calIed
"camera" below), placed in front of the Mobile
Platform MP: the MP trajectory has to bring the
camera beside the "MP target" in an appropriate
mannerfor the camerato detecta "M target".
* The robotic actuatoris basedat the rearof the MP.
It works when arriving in appropriateposition in
front of "M larget". defined previously when the
camerawas in a similar position.
* the "M larget" for the task is generalIy situated
insidea foliage: it is not definedby its 3-D position,
but only by its "best line of approach and
withdrawal" inside this foliage (line of minimum
obstaclesoccurrencefor the arm: (Rabatelet aI, 1991
andseeFig. 10).
* Sincean cnd-effectorwill executea task on the "M
target" (cutting, spraying,detaching,etc...), it hasto
be maintained close to the point of "M target",
during the time of this task, although the MP stays
moving on.
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Only the situationwherethe MP is moving on aflat
floor is considered:MP motion is only 2-D.

le

Fig. 9. Robotwith thedifferent referencecoordinate
systems

4.2. A combinationof referencesystems
The rotationalparametersof the "M target",obtained
during detectionby the camera,are memorizedin
the robot arm referenceframe at the detectiontime
as well as the actual robot position (seeFig. 9). The
position of the camerareferenceframe, versus the
robot arm referenceframe has to be known exactly
(Calibrationof camerareferenceframe vs robot arm
referenceframeis absolutelynecessary).
Whenthearm is broughtto treat "M target", the MP
has moved along a trajectory controlled by the
autonomousnavigationsystem(seeFig. 11). During
this motion, the actual orientationof the robot arm
inside the referenceframe Rr hasto be known to be
comparedto the correctedapproachangles of the
targetregisteredwhen "M target" hasbeen detected.
This continuous comparativepositioningis necessary
to control the arm motion during its approachto the
target,the task process,andthe withdrawal from the
foliage.
Mathematical methods have been developed to
combine the numerousparametersinvolved in the
abovecombinationof the robot armandMP motions.

4.3. Arm versusplatform motionscombination
According to the data from image processing,the
position of the detected"M target" is on a straight
line (00,<1>0),asshownin Fig. 10. To treat the target
point properly and to be sure that no vegetationis
blocking the way, the acceptableapproachangles
must be close to the detectedparameters(00,<1>0).
An angleof complianceof +/- 5° is allowed around
this ideal line of approach.This defines a cone of
approachinside the foliage (see Fig. 10. Starting
point of cone is situated on the detection line at
maximumpenetrationdepthPmax)
The strategyof motionsfor the picking arm includes
4 steps:

ARM MOTION 1: while the mobile platform is
advancing,pre-positioningof thearm toward the "M
target"optimumtreatmentsituation.

This pre-positioningof the arm is madein order to
be readyto penetrateinsidetheconeof approach(see
Fig. 10). This is obtainedby maintaining the arm
direction pointed toward an intermediatepoint T at
thebaseof theapproachcone(seeFig. 10).

Thecoordinatesof point Tare:

00,<1>0) = target M sphericalcoordinatesobtain at
detectiontime, and
pmin = minimal distance between robot and
vegetationat detection time, known with a simple
range sensor. (Needed becausewe have only the
approach line to the target and not the cartesian
coordinatesof theM target).
The targeting of point T gives us the angular
coordinates of the pre-positioned arm (00,<1>0),
following the method of position calculation
presentedin the next chapter.

ARM M0710N 2: arm penetration inside the
approachcone
When 0f is equal to 00+5°, the arm penetrates
rapidly inside the approachcone by increasingits
length df, following the approachline until the end­
effector detectsthe target point M with a proximity
sensor.

ARM M0710N 3: arm position control during the
task
To maintain the end-effectorclose onto the target
point M while the MP is moving, a correctionof the
commandmust be calculatedusing the method of
annpositioncomputationdescribedbelow.

AR!vJMOTION4: arm withdrawal
Mter task execution, the robot arm is rapidly
withdrawn outside the foliage, staying inside the
abovedefinedapproachcone.
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Fig. 10. TargetM detectionandapproachparameters
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4.4. Methodfor positioncorrectionof the arm
coordinates
During threemotions(arm motions I, 2 and3) of the
four phasesdescribedabove, the instantaneousarm
position in Rr (in spherical 0f,<Df,df or Cartesian
Xr,Yr,Zr coordinates)has to be computedin order
for the arm to target a point (T or M), which
coordinates(Xc, Ye, Zc) are known in the robot
referenceframeRr (seeFig. 11).
Thereforewe haveto computethe correctionmatrix
which is composedof thedifferences(dx,dy,O,O,O,d8)
betweenthe actual position of the mobile and the
memorizedpositionof the mobileat detectiontime
This givesthecorrectionmatrix rTc:

and

cos(d8)
sin(d8)

o
o

-sin(d8)
cos(d8)

o
o

o
o
1

o

dx

dy

o
1

Implementation of the method on the on-board
computer has been made with no-significant
problems.
The reliability of the combination of the
camera/arm/MPsystemshas beensatisfactory.On a
constantspeed(0.3 nlls) mobile operation, the arm
tip hasbeenpreciselypositionedon the target (with
an averageof +/- 5mm precision).
Arm and MP motions combination does correctly
work, except when the MP trajectory between
detection and task is out of certain boundaries
compareto a regularone.
This result hasto be translatedin term of constraints
on the navigationprocedure:theMP trajectoryhasto
follow an appropriate line along the target object
(tree,bush,etc.) for two main reasons:
* first, for the camera to efficiently detect "M
targets",
* then, for the carried robot arm to appropriately
executetask on "M target".

5. CONCLUSION

Xr Xc
�~ rT * Ye
Zr e Ze
1 1

The values of (dx,dy,d8) are continuously obtained
throughthe mobile platform trajectorymeasurements
obtained through the readings of the MP motion
sensors.

FfDlQ51TIDII I O"T
Q-oTI - df

Fig. 11. Schematicof thecombinationof robot arm /
mobile platform motions

4.5. Experimentalresults
The mobile robot O'TOMAT has been used to test
the above combination procedures.The tests havc
beenrun with simulatedbushesandtargets.

Envisioned robots for rural and outdoor activItIes
will navigate in semi-structuredenvironmentsand
execute intelligent tasks with the robotic actuators
they carry: most actions will have to be delivered
avoiding a stop of the mobile machine. Two
problems generatedby such a concept of machine
havebeenaddressedin this paper:
*how to navigatein a partially known and evoluting
semi-structured environment: a particular local
navigation method based on the use of Artificial
PotentialFields ("APF") hasbeenchosen.The major
limitation of the APF method for such workspaces
being undesirableminima of potential blocking the
trajectory computation, a complementary method,
building continuouslya local waveof potentialalong
the trajectoryhasbeendeveloped.Satisfactoryresults
have been obtain on simulation. On a real robot
experiment. although trajectories have been
computedon-boardelTiciently, robot characteristics,
like non-holonomy and dimensions, are not
completely taken into account. The mobile robot
orientationnear its motion targetwas not considered
asa constraintfor the navigation.

*how to combine a robotic arm motions with its
supporting platform one, after on-board vision
delection has taken place: Motions strategy and
computing method allowing the combination of
motions and referencesin the 3 coordinatesystems
involved (machine vision / robot arm / mobile
platform) have been designed for the task to be
executed appropriately "on-the-go" of the mobile
platform. Tests with real robotic actions, on actual
laboratory scenesand tasks, have given satisfactory
resulls, except when robot trajectory between
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detectionand task was too irregular. Only flat floor
motionsof the mobile platformwereconsidered.
Testshavebeenmadewith a speciallydesignedand
built mobile robot O'TOMAT, carrying machine
vision and telescopicarm, and working in flat floor
typeconditions.
Further researchesare needed on the following
aspects:
• Navigation method has to include actual robot
parametersin an efficient way.
• Combinationmethodof cameralarrn/MPreference
+ motions has to be extendedto the case of 3­
dimensionmotions of the carrying platform, which
will be the mostcommonin rural outdoorsituations.
• a complete linkage of the constraintsof the 2
aspectsaddressedin this paperis needed:navigation
has to easeto a certain extent task detection and
execution,and combinationof arm vs. MP motion
has to be more robust toward MP trajectory
irregularities.
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