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Abstract

This paper describesthe approach and algorithms which
harm been developed for model-based whole-arm collision
avotdance for the NASA Ranger Telerobotic Flight Ex -
periment. Minimum distances and nearest points be-
tween parts of the active dexterous manipulator and
potential obstacles are computed by the Ranger obsta-
cle detection software (described in a companion pa-
per [1]). Obstacle data iS then used to compute wvirtual
repulsive forces which perturb the operator - commanded
manipulator Cartesian motions in order to avoid colli-
stons. The virtual forces are computed at the tool-tip
for end-e ffector position perturbations, at the wrist. for
end-c ffector orientation perturbations, and on the up-
per and lower arn links for arm angle perturbations.
The paper describes the software development environ -
ment, Utilizing a 3-D graphical simulation and providing
a graphical user interface for display and operatorcon-
trol. Results of several test runs, tllustrating position,
orientation and armangle collision avoidance, are pre-
sented.

1 Introduction

The NA SA Ranger Telerobotic Flight Experiment
2.3, 4, 5], led by the University of Marvland. is
aimed atthe development and demonstrat ion of robotic
technologies for executing manipulat ion tasks in space.
Ranger incorporates two dexterous seven degree-of-
fiecedom manipulator arms mounted on a free-flving
b as e. These arms will be used. both individually and
cooperatively, to per form a variety of manipulation ex-
peniments and servicing operations (Figure 1), The
Ranger dexterous arms will be controlled using the Con-
fipuration Cent rol approachdeveloped at 111 {6.7}.
In thi s approach. the basic task of end-effector posi-
tuon and onentation control 1s augmented by additional

user-defined tasks.  For the Ranger implementation.

Figure 1: Ranger performing an on-orbit experiment

the additional task is defined to be the control of the
arm angle, which is the angle between the plane of the
shoulder, elbow and wrist joints, and a reference plane
through the shoulder and wrist joints and containing a
“vertical” reference vector [8].

The Ranger baseline arm control system has no pro-
visions for obstacle detection and collision avoidance.
Therefore, erroneons operator commands can cause col-
lision between the dexterous arms and the camera and
grapple arms, the base, or the task board. Automated
obstacle detection and collision avoidance will enable
safe, collision-free motions of the arms throughout the
workspace. It will aso cause a reduction in the Ranger
operation time, since possible motions with potential
collisions will not be executed. This capability will in-
crease the safety of the Ranger during the operation of
the arms, a feature which is vital to the success of the
Ranger mission.

Real-time collision avoidance has received consider-
able attention in recent years {9, 10. 11, 1'2]. including a
sensor-based posit ion.cent rol svstem developed at JPL

113, 14]. The software desenibed in this paper  utilizes
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Figure 2: Top view of Ranger manipulator module and
left dexterous manipulator in the home pose

the principles of the earlier JPL work, extending them
to control six degrees-of-freedom of end-effecter Carte-
sian position anti orientation plus arm angle and uti-
lizing model-based obstacle detection computations in
place of sensor-based measurements.

Section 2 presents the virtual force formulation that
is used to perturb position, orientation and arm angle
for collision avoidance. Section 3 briefly describes the
graphical user interface developed to achieve collision
avoidance during test and demonstration. Section 4
presents the results of simulation runs to test avoidance
perturbation in position, orientation and arm angle. Fi-
nally, Section 5 draws conclusions from this work.

2 Virtual Forces and Avoidance
Perturbations

Asshownin Figure 2. each dexterous arm has 7 joints
and .3 links or arm segments, Obstacle detection pro-
vides data on the nearest potential obstacle in each of
the following three zones: tool-tip, wrist and elbow.
A tool-tip obstacle is one whose nearest point on the
dexterous arm ison the tool link and is closer than
a specified threshold to the tool-tip, A wrist obsta-
cle is One whose nearest point on the dexterous arm is
on the toollink and is further away than the specified
threshold from the tool-tip. Anelbow obstacle is one
whose nearest point on the dexterous arm is either on
the upper-armlink or on the lower-arm link.

The collision avoidance software computes the vir-
tual force corresponding to the single nearest obstacle
relative to ecacharmzone, thus limiting perturbation

kol

Figure 3: Springand damper models used for virtual
force generation

computations to no more than three obstacles during
any iteration. A single’ point obstacle near the tool link
will perturb either the tool-tip position or the tool-tip
orientation, depending on its distance from the tool-
tip, while an extended obstacle may be detected as two
point obstacles, one in the tool-tip zone and one in the
wrist zone, thus perturbing both position and orien-
tation. These collision avoidance palicies are adopted
for simplicity of concept, ease of implernentation, anti,
most importantly, to minimize computational require-
ments while providing robust performance.

2.1 Virtual Spring and Damper Forces

For each of the three detection zones, collision avoid-
ance generates a virtual force, denotedbya vector in
Figure 2, to repelthe arm away from the obstacle. This
force is zero if there is no object within a user-specified
stand-off distance, d,,away from the surface of the arm.
If the minimum distance to an obstacle. d,,,, IS iess than
the stand-off distance, we say that the arm is within
the obstacle’s avoidance zone anti a virtual force, F is
generated, comprised of a spring component, which is
proportional t0 the incursion magnitude, and a damper
component, whichis proportional to the closing velocity
between the arm and the obstacle (see Figure 3).

Tool-t ip virtual forces perturh the end-effector po-
sition coordinates to avoid collisions.  Wrist virtual
forces perturb the end-effector orientation coordinates
to avoid collisions. Elbow virtual forces perturb the
arm angle to avoid collisions.

Collision avoidance is accomplished by utilizing
the virtual spring and damper forms to modify the
operator -commanded arm motions. Entry into anob-
stacle’s avoidance zone will be opposed by the virtual
force. which is a function of the avoidance zone incur-
sion. e =d, — d,,. Letthe virtual spring constant be
denoted by k, and the virtual damper constant by &,,.
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Figure 4: Control diagram for perturbing arm motion
for collision avoidance

Then the virtual force for collision avoidance is:

de
F(t) = ke + A”Et— Q)
where the sign of e(and.hence, of F) is chosen such
that the force F will be applied in the opposite direc-
tion from the incursion. The terms in equation (1) cor-
respond to a virtual spring force, F,(t)=k,e, and a
virtual damper force, Fy(t) = k, de/dt.

2.2 Hand Position Perturbations

The virtua force, F. can be considered as a velocity
perturbation, v,. Figure 4 illustrates how the pertur-
bation is generated and used to modify the operator-
commanded position, The raw position perturbation.
Y 7. is given by:

Y, = /n dt :/F(t)d! (2)

The raw spring and damper position perturbations are
given by:

'
Yoo (1) = k,/ e dt (3)
Yealt) = k,, cf{t) (4)

where a is the last titne at which e(f) = 0. Numerically
integrating using the trapezoidal rule yields:

}“,. (/,) :7}::.(“_1)'1'* %L| ' '( f|_]\) -+ (‘(f, )]A!(:))
}“,/(, (f,}: Y'ld(f,,l)*‘ L'p (E(f, ) — ('[ '|~ ,)] (6)

where Yo, (tg) = 0. Y4(te) = O and M =1, — ¢,

If used withoutmodification. the raw position per-
turbation, Y;. can cause stability problems at the
boundary of the avoidance zone. This is caused by the
abrupt zeroing of the pe rturbationwhen the arm leaves
the avoidance zone, resulting in discontinuity in both
velocity and position. 10 avoid this instability, the raw
spring position perturbation is scaled to yield the final
position perturbation, .X;. The raw damper perturba-
tion is not scaled because it approaches zero over time
and hence does not cause an exit discontinuity,

As shown in the far-left box in Figure -i, ‘a scaling
factor &, is introduced as follows:

0 if arm is outside of avoidance zone
ke(e) = ke /di, if 0<e<dy,
1 if > dx,
(7

where d,, is the value of e at which the full value of
the raw spring perturbation, Y%,, is applied. Multi-
plying the raw spring perturbation by k., ensures that
the effective perturb: tion, X, will never exceed the in-
cursion, e, and hence prevents a discontinuity in com-
manded position that would otherwise occur when the
arm exits the avoid ance zone.! Thus the fina, modified
position perturbation for iteration iis computed from:

Xe(t, ) = k(e Yy, (1) + Yyo(ty) (8)

where ¥y, and Yy, are computed using equations (5)-
(6). Finally, the perturbation X(t; ) is applied by
adding it to the current operator-commanded change
in position Ar.

2 . 3 Hand Orientation Perturbations

Figure 5 illustrates one viable approach to perturb-
ing the orientation of link WT, where W isthe wrist
and T is the tool-tip.Let 1’ bethe closest point on an
obstacle 10 WT and Q be the closest point on WT to
the obstacle. The objective is to leave the position of
T unperturbed. but to rotate WT about T such that
point Q will moveaway from the obstacle to zeroout
the virtual force . Following the deriva tion in 2.2, the
desired displacement of point Q is (5,:

k() /F,.m + /F‘,d dt - (9)

where k. (e) is defined by equation (7) and [T‘/ =
Feos Fua.

Let 7= Q~T be the vector from T to Q. 7 the
unit vector of 7 and r the length or 7. If the geometry

Q; =

Pror mmphaty within Figure 4, k, 18 shown as scaling the total
raw perturbation, Y. but in artuabity 1t s only used to scale the
raw spning perturbation. Y,



Figure 5: Example geometry for orienta tion perturba-
tion

is known to be planar with £ s perpendicular to WT
(as shown), then the desired orientation perturbation
will be a rotation about T by the angle a, where:

a = |G / r (10)

In order to generalize for a rotation about an arbitrary
axis through T, define the angular rotation perturba-
tion vector, R, tobea vector paralel to the desired
axis of rotation whose magnitude is the desired angle of
rotation and whose direction determines the direction
of rotation by the right-handed rule. ? Then the rotation
perturbation corresponding to the desired displacement
perturbation, @, is given by:

R, = (f x cj,) | r 11)
or: .
— r -
= 9

Substituting equation (9) into equation (12), we obtain:

F =g r
—— x (k,(v)/P,_.d! +/P,,i dt)  (13)

The preceding analysis is valid providing that 7 is
constant. However, considering that 7 varies over time
as vither the obstacle or the arm link changes position,
we should bring the 7 term within the integrals:

3 r ~ r _,
Ry=k/e < Fy, - — 3 .
! (()/r_.'r_xf‘;vd!+/f,'r~x[/ddf (14)

R, =

Substituting the definitions of P.:/. and 1:‘/4 into equa-
tion (14):

ﬁ, — /L;?t‘)k. il x«7(lti£k':1X%%‘1'(15)

¥The components of Ry comprise 1oll. pitch and yaw for a
fixesd-angle rotation in space
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Figure 6: Shoulder-elb ow-wrist geometry for collision
avoidance
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Figure 7: Edge-on view of shoulder-elb ow-wrist geom-
etry

Thena similar analysis to that presented in section 2.2
can he used to get iterative equations for computing
the angular rotation perturbation, 1?/. In order to per-
turb the commanded motion in hand orientation. fi;/
is converted into a 3x3 rotation matrix, which is then
multiplied by the 3x3 matrix representing the desired
motion in hand orientation to get the achieved motion
in hand orientation.

2.4  Arm Angle Perturbations

Potential collisions with the Ranger upper-arm and
lower-arm links are avoided by perturbing the arm an-
gle. Figure 6 illustrates the basic geometry, where
points S, E and W are the shoulder, elbow and wrist
center points, respectively, and is a unit vector which,
with the line SW_ defines the reference plane. The arm




angle, ¢, is measured from this reference plane to the
arm plane containing S, E and W.

The point, P, is the nearest point, on the surface
of any obstacle. to the surface of the upper-arm link.
whose axis is SE, or the lower-arm link, whose axis is
EW. The point, Q, is the point on axis SE or axis EW
that is closest to P. The error, €, is the vector whose
direction is from P to Q and whose magnitude is the dis-
tance of incursion of point P on the surface of a collision
object into the avoidance zone defined by the tool-link
radius d: and the stand-off distance d,. Then:

€] = (de +dr) - |Q - P (16)

and € is in the direction of (Q - P), i.e. from P to Q.

Figure 7 illustrates an edge-on view of the shoulder-
elbow-wrist geometry with two example obstacles.
Both obstacles are the same distance from the link near-
est point Q. The virtual force is aways applied in a
direct ion perpendicular to the SEW plane. Once the
arm angle is perturbed to nullify the incursion into the
avoidance zone, the link nearest point will be at Q,for
obstacle 1 or Q,for obstacle 2. The armangle must be
perturbed more for obstacle 2, which is close to edge-on
to the SEW plane, than for obstacle 1, whose incursion
vector is perpendicular to the SEW plane, even though
the component of the incursion vector € in the direction
of required motion of Q is less for obstacle 2. The vir-
tual force used for arm angle perturbation is a function
of the incursion magnitude |&¢] to assure that edge-on
obstacles such as obstacle 2 are successfully avoided.

The signed magnitude of €&, denoted e,,, is the basis
for computing the arm angle perturbation. The sign of
em IS chosen to perturb Q away from the obstacle. If
the virtual spring constant is k,, and the virtual damper
constant is kj, then the scalar virtual force for collision
avoidance will be:

do.,,

dt (1)
where the signsare positive toindicate a force in the
direction opposing the incursion,

Let r be the length of line QM. the radius of rev-
olution for the arm angle when the position of Q is
perturbed. We need to find the signed scalar angular
perturbat ion, ¢y, to arm angle o which willnullify the
avoidance zone incursion. Replacingl?; witho, in
equation ( 15), and simplifving to scalars, we get the
following equation for oy:

1 de.,

Oy = k.(rm) L\/} Co dl + kP/ -

S g
it

I‘QI = k,Cm + kp

(18)

3For ease of visuahzation. the avoidance zone in Figure 6 18
shown surrounding the arm hink rather than the otmtacle - this s
an equivalent model to the usual one, where the avoidance 20ne
surrounds each obstacle

o

In order to numerically compute the arm angle pertur-
bation. we compute e}, =de,, /dt :

enlty) = Jem () - em (t,-)] 1 At (19
where Nt = ¢, — {,_;. Then, using the trapezoidal
integration rule with Y, (to) = 0 and Ysa(to)-0 vields:

nie) = vt + g G+
(20)
Yath) = Yya(tioa) + %"[C:X(E‘.‘_—ll)) +e;?:f5)1(lt
)
or(t) = kelew) Yis(t) + V(b)) (22)

-~

where k.(em) is defined by equation (7) and serves,
as discussed in section 2.2, to prevent disco ntinuities as

the ArmM moves out Of the avoidance zone.

3 Graphical User Interface

The software package for obstacle detection and col-
lision avoidance is implemented in C 011 an SGI Indy
under IRIX, but is designed to be portable for inte-
gration into the Ranger flight software running on a
MIPS R3000 processor under VxWorks. A test and
demonstration program provides a graphical user in-
terface (GUI) for operator control and drives a 3-D
graphical simulation provided by the Ranger project.
Capabilities of this program are summarized below.

The 3-D graphics simulation displays the Ranger
neutral buoyancy vehicle (NBV) and the two dexter-
ous arms. The nearest obstacle to the currently active
am is identified by a colored line in the 3-D scene con-
necting the obstacle and the arm link that is closest
toit. If the obstacle is within the detection threshold
distance of thearm.the nearest arm link changes color
tored and the connecting line changes from yvellow to
red. When collision avoidance is not active, command-
ing an arm into a collision with itself, the other arm
or the spacecraft will result in the arm moving inside
the obstacle, When collision avoidance is active,the
arm Will move as commanded until it bits the invisible
avoidance zone and will then slide aong the avoidance
zone boundary until it is as close as possible to the goal
state and the command runs out of time.

The GUlprovides amain control panelwith buttons
to select the active arm. to bring up additional control
panels for joint or Cartesian control. to turn obstacle
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Figure 8: The JPL Ranger graphical userinterface
panel for avoidance

detection and collision avoidance eon or off, to bring up a
button paunel for controlling tests and viewpoints, and
to terminate execution. The Cartesian control pane]
has sliders for operator control of the location and ori-
entation of the end-effector of the currently active arm,
as well as the arm angle. The Test Panel is comprised
of buttons that allow the user to select from ten lo-
cations for viewing the simulation, aswellas to setup
and execute any of ten test and demonstration cases.
Whenever detection or avoidance are active, the main
control panelis expanded with section sfordat adisplay
and control of these features.

Figure 8 is a screen snap.shotofthe GUI panel which
controls the stand-off distance d, and displays current
avoidance data. The top-most label widget simply in-
dicates whether or not avoid ance perturbations are cur-
rently required. The middle widget displays the refer-
ence and achieved Cartesian coordinates and artn angle
(aka SEW roll angle). The slider along the bottom pro-
videsuser control of the stand-off distance,

4 Simulation Results

Several tests are conducted on collision avoidance of
the Ranger dexterous arms.  We shall now present a
tvpical set of results obtained in these tests. The ob-
stacles used in these tests are bounding bor linnts. The
bounding bor is defined to be a virtual box enclosing the
amsen(i centered on the Ranger manipulator module.
Whena manipulator approaches any side of the bound-
ing box, an obstacle is detected.

Figure 9 shows the results of a simulationrunusing
the Ranger test program and the collision avoidance
software to demonstrate hand position avoidance. For
this run, the r componentof end-eflector position is
commanded toward a bounding box limit obstacle at
r=107 cm. The avoidance zone boundary, taking into
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Figure 9: Position perturbation example: reference and
achieved r trajectories
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Figure 10: Position perturbation example: collision
avoidance pert urbations

account the radius of thelink. is a r = 99.65 cm, and
the reference trajectory is the trajectory whir-h would
have been followed if collision avoidance were not active.
As shown in the Figure, the achierved trajectory enters
the avoidance zone by less than 0.5 cm before settling
down to an avoidance zone incursion of less than 0.1
cm. The shape of the trajectory and the magnitude of
avoidance zone incursion can be adjusted by modifving
the parameters &, and &,

Figure 10 shows the perturbations used to modify
[he trajectory in Figure 9. As shown . the raw spring
perturbation continues 10 increase over time. while the
raw damper perturbation decreases toward zero. Be-
cause the incursion IS alwavs less than the spring per -
turbation scaling parameter, di, . thescaling factor. &, .
reduces the effect of the raw spring perturbation. The
net result is a total perturbation which approaches the
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Figure 11: Orientation perturbation example: reference
and achieved pitch trajectories
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Figure12: Orientation perturbation example: collision
avoidance perturbations in pitch

value corresponding to the maximum move allowed per
iteration, or .04 cm.

Figure 11 showstheresults of a simulation run
demonstrating hand orient ation collision avoidance,
and Figure 12 shows t be corresponding avoidance per-
t urbations. The obstacle IS a positive-z bounding box
limit at 10 cm, resulting in an avoidance zone bound-
ary at 3.65 cm. For the particular configuration of the
manipulator armused in the test, this avoidance zone
houndary corresponds to a limitof about ‘2.9 degreesin
pitch. The reference pitch trajectory would have been
achieved if avoidance had been turned off. When the
reference pitch trajectory moves out of the avoidance
zone. t he achieved t rajectory again coincided with t he
reference. Note that the perturbations shown in Fig-
ure 12 are virtually identical 1 form with those of of
figure 10, showing position perturbations.
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Figure 13: Arm angle perturbation example: reference
and achieved ¢ trajec tories
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Figure 14: Arm angle perturbation example: collision
avoidance perturbations in ¢

Figure 13 shows the results of a simulation run to
demonst1 ate arm angle collision avoidance. Figure 14
shows the corresponding avoidance perturbations and
the avoidance zone incursion error |¢]nsed for compu -
ing the perturbations. The maximum incursion into the
avoidance zone 15 approximately 0.28 cm. The avoic -
ance zone IS such that ¢ is limited to 101 .6 degrees.
The reference trajectory is the trajectory that o would
have achieved had avoidance been turned off. When
the teference o trajectory moves out of the avoidance
zone, the achieved trajectory again coincides with the
reference. Generally, t he avoidance tesults for this run
are very similar to the end-effector test run results dis-
cussed above.

Perturbation computation times per iteration. not
including the time required for obstacle detection or
forward and inverse kinematics computations. are mea-




sured to be less than 0.2 msec on a MIPS R4600PC pro-
cessor running at 100 MHz. Total computation time.
including obstacle detection and forward and inverse
kinematics computations, are measured to be about2.5
msec. The Ranger flight computer is expected to be a
MIPS R3000 processor, which may take 2-4 times as
long for these computations.

5 Conclusions

A complete on-line collision avoidance software pack-
age for the Ranger Telerobotic Flight Experiment has
been presented. All algorithms described shove are doc-
umented in detail [15], implemented and extensively
tested in a simulation environment, using, geometric
models corresponding to the latest design of the flight
hardware. Tests show the software to be very effective
in computing perturbations to avoid collisions, while
maintaining smooth manipulator trajectories. Perfor-
mance is fast enough that the perturbation compu-
tation can easily run within a real-time control loop
to provide continuous on-line collision avoidance for
Ranger operations.
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