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ABSTRACT

Robot manipulators for harvesting fruits must be controlled to track the
desired path of end-cffector to avoid obstacles under the consideration of
collision free arca and safety path. This paper presents a robot path control
algorithm (o sccure a collision free arca with the recognition of work
environments. The (lexible space, which does not damage fruits or branches
of tree due to their flexibility and physical propertics, extends the workspace.
Now the task is to control robot path in the extended workspace with the
consideration of collision avoidance and velocity limitation at the time of
collision concurrently. The feasibility and cffcctiveness of the new algorithm
for redundant manipulators were tested through simulations of a redundant
manipulator for different joint velocities.
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INTRODUCTION

Since redundant manipulators have more flexibility than general purpose
ones used in industrial ficld, it has the advantages to perform the tasks such
as singularity or obstacle avoidance maintaining high manipulability while
tracking the desired end-effector trajectory.

In a point-of-view of mechanical design, only 6 degrees-of-freedom is
required to perform tasks in a spatial workspace. In  fruit harvesting,
however, a manipulator clbow may collide with obstacles. The objects or
obstacles (e.g., the branches of tree or immature fruits) may get damaged by
the motion of manipulator. Thus, it is required to have an  extra
degree-of -Mrecdom generating self-motion to perform complex tasks.

In fruit harvesting, obstacles to be avoided may be located on the task
trajectory of cnd-effector so that a redundant manipulator which some joints
can be confligured (ree with a certain reference such  as performance
criteria. Much  rescarches have been done in the area of  redundant
manipulators.  Most methods to solve redundancy of manipulator include a
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cost  function such as performance criteria, which have a
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weighted value at a collision point to avoid obstacles and joint constraints'”
or cost functions that include the relations defined by relative distance
between manipulator link and obstacles™"™%

IFor a given end-cffector position, using the gradient of the performance
criteria projected onto its joint null-space to control the joint velocity makes
the manipulator  scek the optimal C()nfigurﬂti()nl'“5"6"7“]0“”“'Zl. Although
miny rescarchers have discussed how to specify such joint velocities (on the
kinematic control), most of them have ignored the fact that manipulators are
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actually controlled by the specified joint torque
acceleration. This is the reason why the control by these schemes often
leads (o uncontrollable excessive joint torque and unstable conditions. In
spite of this defect, it is suitable for real-time application since a kincmatic
control with local optimization has more computational simplicity.

In this paper, an cffcective algorithm, which drives the manipulator link
along a specified trajectory of end-ceffector, was proposed. The algorithm
uscs the cost function which involve velacity vector to guarantee safe motion
of the manipulator without collision considering the distance or density of
recognized  obstacles. For the sake of optimality, a differential relation
between joint space and workspace velocities given hy Jacobian was used for
a kinematic control using a cost function. The algorithm proposcd is capable
of Hlimiting impact of collision and workspace by choosing properly the
magnitude of reference velocities corresponding to cach link and the weight
constant.  The impact of collision also can be limited by physical properties

of obstacles or manipulators.

OPTIMAL SOLUTION OF DIFFERENTIAL RELATIONS GIVEN BY
JACOBIAN.

Basic concepts.

Redundant manipulators have an extra number of degrees—of —freedom
(DOF). That is, the joint space coordinate set n is greater than the work-
space coordinate set m. The ceffects of these extra DOF are casily scen from
the differential relations given by the manipulator Jacobian. That is, the
workspace velocities of end-cflector is described as follows.

x=Jb (1

where J is the manipulator Jacobian J with a m x n matrix, n > m.

And the null space of Jacobian has at lcast n - m dimensions. From the
above cquation, it is scen that any change in velocity in the null-space has

no cffect on the workspace velocitics, x.  Also, the manipulator is free to
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move in this configuration(depends on subspace).  This type of motion is
called sclf-motion since it is not observed at the end-effector. Generally,
the inverse kinematic solution gencrates an infinite number of solutions § for
a given workspace position x. Thus, it is very difficult to choose a proper
valuc of 6 for a given workspace trajectory x,(f), which satisfics additional
requirements and constraints imposed on the manipulator (c.g., obstacles or
singularity avoidance, stability, ctc.). Therefore, a differential relation
between joint-space and workspace velocitics given by Jacobian was used to
develop a kinematic control using a cost function. From the characteristics
ol redundant manipulator, it is possible to change a local joint position for a
given workspace position x according to the direction given by the reference
velocities.  Since the obstacles in the environment for fruit harvesting is
flexible, the probability  of  collision will be low if a joint
solution for a safe direction can be obtained.

Derivation of Obstacle Avoidance Algorithm.

As shown in Fig. 1, the workspaces recognized from sensor—based
information are defined as collision-free arca. The extended workspace is the
arca adjusted by considering the limits of reference velocity vector.

In this arca, the manipulator moves safely by the limited motion due o
the reference velocity of cach link. This limited impact velocity prevents the
links or objects from getting damaged by rigid obstacles.

If scensor-based information involving obstacles and work arca is
available for a collision free motion of cach link, it is possible 10 know a
safe direction which has no obstacle. In kinematic control, it is necessary to
define a cost function restricted by the given reference velocities. The
workspace velocities for an n-link redundant manipulator were considered as

follows.
X1=]16
X2=]2€
. (2)
X":]ﬂ€

Also, a quadratic cost function G was defined to get an optimal solution
as follows.



G = k(X _'/1 0) _T(Xl _“/1 0)
+ I(’_,:( /‘(’2 "_Iz 0) 7( Xz _',2 0) (3)
+o by i Xuot =i O C Xy =10t )
where k(7=1,...,7—1)) is an arbitrary constant and X, is the reference
velocity involving safety direction and limited velocity of cach link.
The resolved kinematic solution is to minimize the function G under the
constraint of x‘,,=],,¢'9. If 6 is a regular part of the constraints, then there

exist scalar A/s (7=1,...,m) that provide the stationary valuc for the

following function at 4,

GO, =k(X, =L D'(X,—],0)
+ o Xy = 1,0V (X5 — ], 0) (4)
+...... +k,,_|( X,,—]“/n—|”)7( Xn—l_jn—lh)
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The necessary conditions for an optimal solution, which satisfies the above
cost function, arc as follows.
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From lig. (4) and lig. (5), the followings are obtained.

_a_Q = _2k|j|7.).(| +'2Il’|j|7_l|,0
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Rearranging Eq. (6) gives
e JU T+ 2k T4 L+ 2 J7 S )0 (8)
— b JT X A ko] X 2k JE X)) = AT, =0
To simplifly Iu. (8), define the followings.
Iy =2k A 2T T A 2k S St }:4121«;/7‘/,
2= 0] X\ 4+ 2kJ7 Ko+ oo+ 2k S0 KXo {2’2/«‘-/? X, (9)



Substituting Eq. (9) into LEq. (8) yiclds
‘\“l ])_2“2_/17;171:0 (10)
Rewriting Tiq. (7) gives

. /r:k): ’\=ﬂ (11)

Now, it is nccessary to have the matrix inverse J| "o get  the joint
velocity 6 for a given desired workspace velocity 2. Since %) [21; 8] is
square and of full rank or singular, however, the inverse matrix docesn't
exist.  Thus, it is nccessary to modify the matrix X, without loss of its
physical propertics.
Premultiplying 2k,7) to the both sides of Eq. (7) gives

. Tr a—_ns 1ITY

an]n]ng_ len]nl\:} (12)
Rewriting Eq. (12) yiclds

2k 1], 0- 2k J1 X, =0 (13)
Adding  Lq. (13) and Eq. (8) gives

@RS+ 20+ o+ 2y S Jumy + 20,1 D ‘ (14)
— 2k X 4 20 )] KXo+ oo 2k Ty X +2kJT X)) —AT] =0

Similar to the approach used for Eq. (10), Eq. (14) can be simplifiecd as
follows :

30-2-21"7,=0 (15
where Sy =2k 11+ 200 1+ ..+ 2k, J0T, ">122kg/7],

a o o o ;
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Since the matrix Y, is square( #xn) and of full rank, the following relation

. . o . i
is obtained by the use of the matrix inverse f]

0= 3""(Z+1"T) (16)
Substituting Eq. (16) into Eq. (15) yiclds

o -1

jn( jjl_lé"ﬁ‘*‘ 2“] /]7]71): ’Yn (17)

Rewriting K. (17) with respect o A gives



A=, 7 )X, 0 3702 (18)
Substituting IXq. (18) into Eq. (11), and rewriting it with respect to g gives

0=3""%+ 57U, 8D TK, (19)
NS YA MU 5 YRy £ Sl M VRS W

Rearranging L. (19) yiclds

=", 57 Ih X, (20)
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Defining a new inverse of Jacobian 7' - 2 71, £ 7D, Eq. (20) can be

simplified as follows.
D=J X+(1-1°D 57", (21)

As shown in lig. (21), a new Pscudo-inverse was derived as a weighted
form of the modified quadratic form of accumulated Jacobian of cach link,
and the reference velocity does not  affect the homogencous  solution.
Conscquently, the refercnce velocity has no effect on end-effector velocity so
that the redundancy can be used to avoid obstacles.

This provides a simple method of formulation which involves the process
ol optimality.

SIMULATION

IFor numerical simplicity of simulation, a planar three-link manipulator
was adopted. Links of unit length were modeled as a uniform  thin rod
without mass. The tasks of the manipulator are to track a given end-cffector
trajectory without collision with obstacles, and to pass through the obstacle
arca according to the dircction vector with zero initial and final velocitics,
and al the same time to move cach link along its joint trajectory into the
safely arca, for a given reference velocity, using the redundancy. The arm
starts from 0,=(r, — *% ,0).

Fig. 2 is a simulation result, which is drawn from a complete solution of
Eq. (21) for the trajectory for the redundant manipulator. In this figure, it is
observed that the gradient of performance criterion( g(= vH) =23, '5,) make
the redundant manipufator move cach link without collision with obstacles.
That is, the reference velocity helps the manipulator  move the null space

joint into the safely arca.
Fig. 3 is a simulation result, which is drawn from a homogencous



solution of iq. (21) for the trajectory of the redundant manipulator. Since the
end-cffcctor moves along its desired trajectory as shown in Fig. 3, it is
proved that (he weighted pscudo matrix inverse yiclds the homogencous
solution of Lq. (21), that is, 8=7J'x for a given trajectory of the
cnd-effector.

Fig. 4 and INig. 5 shows the simulation rvesulls obtained using the
Moore-Penrose generalized inverse of Jacobian and the above null-space
projection velocity. As shown in these (igures, the manipulator collides with
the obstacles.

Fig. 6 shows a variation in joint angles for the 4 different levels of
reference velocities. I is noticed that the variation in joint angles increcases
drastically for a reference velocity beyond a certain level.

Fig. 7 shows the trajectorics of the manipulator for the 4 different
reference velocities. It is noticed that the manipulator may collide with an
obstacle like Fig. 7(d) if the reference velocity is not properly chosen.

CONCLUSION

In this paper, a new control algorithm for redundant robot manipulators
to avoid obstacles with a weighted pseudo inverse was proposed. Using the
sensor-based information and the reference joint velocities, the manipulator
an be moved to the safety space without a collision of manipulator links
and obstacles.  The feasibility and effectiveness of the algorithm proposed
wis tested by simulation. It turned out the weighted pscudo inverse and
null-space term used in the algorithm proposed were useful tools to solve
the joint solution problem for a redundant manipulator. A further study on
an optimal control of redundant manipulator with dynamic stability is nceded.

REFERENCES

[1) T. Yoshikawa, 1984 "Analysis and Control of Robot Manipulator with
Redundancy” Int. ). of Robotics Research, eds. M. Brady and R. Paul,
PP.735-747. Cambridge, MA: MIT Press

(2] J. Y. Luh, M. W. Walker, and R. . C. Paul, 1985 "Resolved Acceleration
Control of Mecechanical Manipulators” IEEE Trans. Automatic Contr. 25(3) pp.
468-474

[31 M. Kircanski and M. Vukobratovic, 1986 "Contribution to Control of
Redundant Robotic Manipulators in an Environment with Obstacles” The Int. J of
Robotics Rescarch. Vol. 5, No. 4, ppl12-119

[4)] Y. Nakamura and I1. Tlanafusa, 1987 "Task-priovity bascd Redundancy



Control of Robot Manipulators” J. of Robotics Research, 6(2) pp.3-15

[5] 1. Zghal, R. V. Dubey and J. A. Buler, 1990 "Efficient Gradient Projection
Optimization Tor Manipulator with Multiple Degrees of Redundancy” [EEE Trans.
on Robotics and Automation pp.1006-1011

{61 R. V. Dubey, J. A. Buler and S. M. Babcock, April 1988 "An [Lfficient
Gradient  Projection  Optimization  Scheme  for a  Seven-Degree-of  Freedom
Redundant Rohot  with  Spherical Wrist” in Proc. of the [ELE International
Conference on Robotics and Automation, pp.28-36

{71 J. A. Euler, R. V. Dubey and S. M. Babcock, 1988 "Sclf Motion
Determination Based on Joint Velocily Bounds for Redundant Robots” in Proc. of
the Second Int. Symp. of Robotics and Manu{acturing Rescarch, Education and
Application, pp.291-298, ASMI press, November

[8] 1. D. Walker, 1990 " The Use of Kinematic Redundancy in Reducing Impact
and Contact Effects in Manipulation” Int. J of Robotlics and Automation
ppd34-439

[9] 1. Scraji, 1989 "Configuration Control of Redundant Manipulators ¢ Theory
and Imple- mentation” IEEE Trans. on Robotics and Awtomation 3(4) pp.472-490
[10] K. V. D. Docl and D. K. "ai, 1994 "Constructing Performance Mcasures for
Robot  Manipulators” Proc. of IEEE R & A. Int. conf. on Robotics and
Automation  pp. 1601~ 1607

[11] . D. Walker and S. 1. Marcus, 1988 "Subtask Performance by Redundancy
Resolution  for  Redundant  robot  Manipulators” [EEE  J. of Robotics and
Automation 4(3) pp.330-3054

[121 Y. S. Ryuh and K. . Ryu, 1995 "Obstacle Avoidance Algorithm for Fruit
harvesting Robots”  Proc. of ARBIP in Japan Vol.2 pp.1-8

referegge velocity vector

End effector Trajectory
Sensor based wnrksp\m:'.

SNy Target Plane

Extended workspac
%_w N Virtual Plane

Fig.1 Modcled workspace




© ek et

Fig. 2 A simulation result with
Do xva-I'p s

©

(7

ORIA TIIT ik Ant

I

Fig. 4 A simulation results with
p-rxau Iy

DATA FIIE  thon dat

~ -

Fig. 3 A simulation result with

0-y7' X

w 77w Dt is the weighted pscudo inverse using refercnce velocitly)

REET WY

Fig. 5 A simulation result with
[ ¢

(J' is the Moore-Penrose Generalize inverse, /'~ J77(JJ/)™")

Ivig. 6

Variation in joint velocities for the different levels of
reference velocity.
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