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Abstract

The paper presents a radically ncw approach to real-time
dynamnic control and active force control of maenipulators. In
this approach the manipulator control problem is re formulated
in lerms of direet control of manipulator motion in opera-
tional space, the space in which Lthe task is ortginally deseribed,
rather than controlling the task’s corresponding joint space
wolion obluincd after gcomctric and kincinatic transforma-
tion. The control method is bascd on the counstruction of
the manipulator end cffcctor dynamic model in opcrational
space.  Also, the puper presents a unique real-lime obstacle
avoidance mcthod for manipulators and mobilc robots bascd
on the “artificial potential field” concept. In this method,
collision wvoidance, traditionally considered a high level plan-
ning problemn, can be o[ fectively distributed belween different
levels of control, allowing real-tine robot operalions in a com-
pler environment. Using « time-varying arti fictal potential
Jicld, this techuique has been cxtended to moving obstacles.
A dwo-level control archilecture has becn designed to inercase
the systemn real-time per formance. These methods have been
implemented in the COSMOS system for a PUMA 560 robot
armn. We have demonstraled compliance, contact, sliding, and
inscrlion operations using wrisl and finger scensing, as well
as real-timne collision avoidance with moving obstacles using
visual sensing. : :

1. Introduction

Conventional manipulator control, providing only linear feed-
hack compensation to control joinl positions independently, can-
nol meet Lhe high aceuracy and performance needed in precision
manipulator tasks. Addressing Lhis problem, much rescarch has
been directed at developing and modelling the dynamic equa-
tions ol joint motion. Typical models relate joint variables to
generalized torques and by necessity foree Lhe resalting control
scheme Lo have two levels:

s The first level requires coordinate transformations Lo con-
verl the task deseription from operalional space Lo joint
space;

o The zccond level makes use of the arm’s dynamic model
to caleulate generalized foree commands.

This first stage of transforming the task deseription is lime
consuming and prone to problems near kinematic singularities.
Additionally, dealing with the dynamic compensation problem
leads 1o high computational complexily in real-time control.
Furthermore, the very approach ol joint space control is ill-

suited Tor active Toree control, an ability which is crucial in

robot asscimbly tasks.

Robol collision avoidance, on the other hand, has typically been
a component ol higher levels of control in hierarchical robot
control systems. [t has been treated as a planning problem,
and research in Lhis area has focused on the development of
collision-Iree path planuing algorithms Moravee 1980, Lozano-
Perez 1980, Chatila 1981, Brooks 1983]. These algorithms aim
at providing the low level control with a path that will enable
the robol Lo accomplish ils assigned task free from any risk of
collision.

From this perspective, the function of low level control is limited
to the execution of elementary operalions for which the paths
have been precisely specified. The robol’s interaction with its
environment is then paced by the time-cyele of high level con-
trol, which is generally several orders of magnitude slower than
the response Lime of o Lypical robot. This places limits on the
robot’s real-time eapabilities for precise, fast, and highly inter-
active operations in acluttered and evolving environment. We
will show, however, thal itis possible to greally extend the fune-
tion of low level control and Lo carry oul more complex opera-
tions by coupling environment-sensing feedback with the lowest
level of control. )

Increasing Lhe eapability of low level control has been the im-
petus for the work on real-Lime obstacle avoidanee tal we dis-
cuss here. Collision avoidanee al the fow level of control is nol
intended Lo replace high level functions or to solve planning
problems. The purpose here is Lo miake better use of fow level
control capabilities in perlorming real-time operations. At this
low level of control, the degree or kevel of competence [Brooks
1981] will remain ess than that of higher level control.

The operational space formulalion is the basis for the applica-
tion of Lhe potential field approach Lo robol manipuliators. This
formulation nas its reols in the work on end-cllector motion con-
trol and obstacte avoidance [IKhatib, Llibre and Mampey 1978q,
Khatib and Le Maitre 1978b] that wee implemented for an NMA23
manipulator at the Laboratoire d’Automatique de Montpellier
in 1978, The operational space approach has been formalized
by constructing its basic tool. the cquations ol motion in the
operational space of the manipulator end-cffector. Details of this
work hiave been published elsewhere [Khatib 19%0] (iu French),
and [Kll,’l”l) I‘.HIS]: we will bricfly review Che Tundamentals ol
the operational space formulation.
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2. Operational Space Formulation

An operational coordinate system is asel of 11 tndependent
parameters deseribing the manipulator end-ellector position and
FFor a non-redundant

oricntation in a frame ol relerence [2g.

manipulator, these parameters form a set of confliguration
paramelers in a domain of the operational space and constitute,
therefore, a system of generalized coordinates. The kinctic
cnergy ol the holonomic articulated mechanism is a quadratic
form of the generalized velocities:

o l.r .

T(z,x) = 3 A(z)z; (1)
where A(z) designates the symmetrie matrix of the quadratic
form, i.c. the Kinelic energy matrix.  Using the Lagrangian
formalism, the end-cffector equations of motion are given by:

oL aL

9z’ Oz '

o
dt

( (2)

where the Lagrangian L{z, z) is:
Iz, ) = T(z, &) — U(z) (3)

and U(z) represents the potential energy of the gravity., F is

the aperational foree veetor, These equations can be developed
{IKhatily 1980, Khatib 1983] and writlen in the form:

)

where ge(x, £) represents the centrifugal and Coriolis forces, p(x)
the gravily forces.

M=)F + plz, ) + p(z) = F;

The control of manipulators in operational space is based on the
sclection of I as acommand veetor. In order Lo produce this
command, specific Torces TV must be applied with joinl-based
actuators. The relationship between I oand the joint forces T is
given by:

(5)

where g is the veetor of the 7 joint coordinates, and J(g) the
Jacobian matrix.

The extension of the operational space approach to redundant
manipulators is presented in [Khatib 1980, Khatib 1983].

3. End-Effector Dynamic Decoupling

While in molion, 2 manipulator is subject to highly nounlinear in-
ertial, centrifugal, Coriolis, and gravity florces. Dynamic decou-
pling, which is achicved by compensating for these lorces, re-
quires their evaluation using the manipulator dynamic model.
Considering the complexity of these models, real-time dynamic
control of manipulalors has been viewed as a cutnputationaly
expensive approach. This problem is yel more acute in opera-
tional space, since the corresponding equations ol motion are
relatively more complex than those of joint motion.

Addressing, Lhis problem, we designed o two-level control sys-
tem architecture based on isolaling the configuration dependent
coollicents in the dynamic model. The load ol real-time com-
putation of these coeflicents can then be paced by the rale of
conliguration changes, which is much lower than that of the
mechanism dy naunies.

Using the dynamic model (1), the deconpling of the end-c¢lfector

209

molion in operational space is achieved by:

F = Mz)F" + p(=x, ) + p(=); (6)
where F represents the command veetor of Lthe decoupled end-
effector, which becomes equivalent Lo a single unit mass. Let

{qq) and [¢*] be:

laa) = [ayis anin--in 1 ial"s 7
R PR I R & (7)
&%) = lay qsai)t

The joinl torque veelor corresponding to Lhe operational space
command veetor (6) can be developed [I\'h:ll.ib 1980, Khatib

1983] following the structure: 1
T = JT(QAMQF" + Hg)laal + Cla)a*] +ola)i (8

IH(q) , C(q) , and g(q) are the n X n(n — 1)/2, n X n, and
n X 1 matrices of the joint forees under the mapping into joint
space of the end-clfector Coriolis, centrifugal, and gravity forces,
respeelively.

The dynamic decoupling of the end-effeclor can Lhus be obtained
using Lhe configuration dependent dynamic cocllicients A(q),

I.i(q), (-f(q) and g(q).

Furthermore, the rate of computation of the cnd-eflector
posilion, a costly step since it involves cvaluations of the
manipulator geometric model, ean be reduced by integrating an
operational position estimator inlo the control system. Iinally,
the control system has the following architecture:

o A low rale parameter cvaluation level: updaling the end-
effector dynaumic coeflicents, the Jacobian matrix, and the
geomelric model.

e A high rate servo control level: computing the command
veetor using the cstitmator and the updated dynamie
cocllicents.

4. Active Force Control
In previous approaches [Craig and Raibert 1979, Salisbury
1980], the active foree control problen. has beer treated within
the fraume of a joint space control system. However, the wrist
or finger sensing, end-cffeetor desired contact lorces, and end-

effector stilfness and dynamies involved in this problem are
closely linked to the operational space. Actlive foree control can
be naturally integrated into the operational space control system
by simply incorporating il into the eperational foree command
veetor. By decoupling the end-effector motion, compliance ina
given direction in the ()[)(:!rle.ioll:ll space is directly controlled by
the position gain matrix. Active foree control in a given direc-
Lion is then simply achicved by setting the end-ellector stillness
in that direction Lo zero and selecting the corresponding Toree
servo using the sclection malrix S (see Figure ). System sla-
bilization is oblained by maintaining the damping € in both
position and force control.

5. The Artificial Potential Ficld Approach

We present this method in the context of maninulator collision
avoidance, 1ls application to mobile robots is sbraightlforward.
The philosophy of the artilicial potential field .'l;)[ll‘():l("h can be
schematically deseribed as Tollows: The mangpulator amoves in
a ficld of Jorces. The posilion fo be reached ts an allractive
pole for the end-c [fector, and obstacles are repulsive sur fuces
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Figure 1. Operational Space Control System Archilecture

Jor the manipulator parts.

Lol us first consider the collision avoidance problem of a
manipulator end-clfector with a single obstacle O. 1T zq desig-
nates the goal posilion, the control of the manipulator end-
elfector with respeel to Lhe obstacle O can be achieved by sub-
jeeling il Lo the artilicial potential field:

Uyre(z) = Uz, () + Uo(=)- ’ (9)

This leads Lo Lhe Tollowing expression of Lhe polential energy in
the Lagrangian (3):

U(z) = Ugre(z) + Ug(); (10)

where (J (z) represents the gravity potential energy.  Using
Lagrange's equations (2), and laking into account the cnd-
clfector dynamic decoupling (6), the command veetor F~ of the
decoupled end-cffector thal corresponds Lo applying the artilicial
polential ficld Ugpe (9) can be wrillen as:

F =Fz, +Fo; (1)
with:

F:;,, = —grad[Uz (=)]; (12)
F, = —grad[Up(=z)];

F.:,, is an altractive force allowing the point = of the end-
offector to reach the goal position x4, and F::. represents a
Force Inducing an Arti ficial Itepulsion from the Sur face of
the obstacle (FTRAS, from the French), created by the potential
field Ug(x)- F;:“ corresponds to the proporticnal term, te.
—I(z — z4), in 2 conventional D servo, where 11 is the position
gain. The attractive potential ficld Uz (z) is simply:

Uz, (z) = fzk(m Rt (13)

17 5(x) is seleeted such that the artificial potential ficld (g, (7) is
A posilive continuous and differentinble function which allains
ils zero minimum when £ = z4. The articulated mechanical
system subjected to Ugee(x) is stable. Asympletic stabilization
of the svstem is achieved by adding dissipative forces propor-
tional to . Lel € be the velocity gaing the Torees contributling
to the end-elfector motion and stabilization are of the form:

Fo, = —k(z —x4) - £ (14)

This command veclor is inadequate Lo control Lthe manipulator
for Lasks Lhat involve large end-cffector motion toward a goal
position without path specification. FFor such a task, il is betler
for the end-effector to move in a straight line, with an upper
speed limit.

Rewriting equation (14) leads to the following expression, which
can be interproted as speciling a desired velocily veetor in a pure
velocily servo-control.

i k

zy= . (z4—=x). (19)

€

Lot Vopar designate the assigned speed limit. The limitation
of the end-clfector velocity magnituds can then be oblained
[Khatib, Llibre and Mampey 19784] by:

Fg, = =€z - via); (16)
where:
- = min(!, ——Zm“_:_) (17)
Vilze -
FIRAS

Decoupled =p X
End- Effector P x

Figure 2. Isnd-cflector Control for a Goal Posilion

With this scheme, shown in Fiqure 20 the velocily vector =
is controlled to be pointed toward the goal position while ils
magnitade is limited Lo Ve, The end-cffector will then teavel
al, that speed, in a straight line, except during the aceeleration
and deceleration segments or when it is inside the repulsive
potential field regions ol influence.



6. FIRAS Function

The artilicial polential ficld Ug(x) should be designed Lo meet
the manipulator stability condition and Lo ereate al cach point
on the obstacle’s surface apotential bacrier whiclh becomes neg-
ligible beyond that surlace. Specifieally, Ua(z) should be a
non-negalive continuous and dilferentiable Tunction whose value
tends Lo infinity as the end-effector approaches Lhe obslacle's
surlace. In order to avoid undesicable perturbing lorees beyond
the obstacle’s vicinity, the influence of this potential field must
be litiled to a given region surrounding the obstacle.

Using analylic equations f(x) = 0 for obstacle deseriplion, Lhe
firsl artilicial potential ficld Tunction we used [Khatib and Le
Maitre 1978D] was based on Lhe values of Lhe funclion f(z):

0, il f(z) > [(=0)

The region of influence of Lhis potential field is bounded by the
surfaces f(z) = 0and f(z) = J(:xq), where zg is agiven pointin
the vicinity of the obstacle and 7 constant gain. “I'his potential
function can be obtained very simply in real-time since it does
not require any distance ealeulations. However, this potential is
diflicult, Lo use lor asyminetric obstacles, where the separalion

" between an obstacle’s surface and equipotential surfaces can
vary widely.

Uo(x) (18)

Using the shortest distance to an obslacle O, we have proposed
[Khatib 1980] the Tollowing artilicial potential field:
12

LY R i .
Uc(z)={27l(" pol 7 EI:”SP(M (19)

0, il p > po;
where py represents the limil distance of Lhe polential field
influence and p, the shortest distance Lo the obstacle 0.

Any point of the robot can be subjected to the artificial potential
ficld. A Point Subjected to the Potential is called a PSP, The
control of 2 PSI? wilh respect Lo an obstacle O is achieved using
the FIRAS function: )

5%, e < po;

g = 1= 8 o
Pop 0, il p > po;
where 5—" denoles the partial derivative veelor of the distance

from the ISP Lo the obstacle:
dp AOp Op dp.r
— == - 2

dz dz dy (')z] (20)

Observing (6) and (11), the joint forces corresponding Lo

F(O.nsv) g
Lhis PSI?. These lorces are given by:

wre obLained using Lhe Jacobian mutrix associated with

F(C,pap) = Z‘np(q)A(x)F(.O.p:p)' (22)

7. Obstacle Geometric Modelling

Obstacles are deseribed by the composition of primitives. A
typival geometric model base ineludes primilives such as apoint,
line, plane, ellipsoid, parallelepiped, cone, and cylinder. The
first artificinl poteatial field (18) requires analytic equalions for
the deseriplion of obstacles. For primitives such as n paral-
Llepiped, finile eylinder, and cone, we liave developed analylic
coquations representing envelopes whici: best approximale the

primitives’ shapes.

The surface, termed an n-cllipsoid, is represented by the equa-
tion:

Tion Y
(;) +( b (23)
and tends to a parallclepiped of dimensions (a,b,¢) as n tends
to infinily. A good approximation is oblained with n
shown in Iigure 3.

)=

1, as

Figure 3. An n-cllipsoid wilh n=41

A cylinder of elliptical cross section (a,b) and ol leagth 2 can
be approximaled by the so-called n-eylinder equation:

T, Y o .,

=)y +((z)+(-)y =1 24

S (0 () (20
The analylic description of primitives is not necessary lor
the artilicial potential field (19), since the continuity and
dilferentiablity requirement is on the shortest distanee to the
obstacle, The pritnitives above, and more generally all convex

primitives, comply with this requirement.

Determining the orthogonal distance to an n-cllipsoid or to an
n-cylinder requires Lhe solution of a complicated-s§stem of equa-
tions. To avoid this costly compulation, a variational procedure
for Lhe distance evaluation has been developed. The distanee

expressions for other primitives are presented in [Khatib 1985].
8. Robot Obstacle Avioidance

An obstacle O, is deseribed by a scl of primitives {£,}. The
superposition property (additivity) ol potential Lelds enables the
control ol a given point of the manipulator with respect to this
obstacle by using the sum of the relevant gradients:

Fopap = Z Fp,.pap)-
P
Control of this point for several obstacles is obtained using:
Fop = Z F (o, psm)- (26)
B
It is also Teasible to have different points on the manipalator

controlled with respect to different obstacles. The resulting joint
force veclor is given by:



robs(acles = Z ‘I:;p,(Q)A‘x)F;sp,-' (27)
7

Specifying an adequate number of PSUs cnables the protection
of all of the manipulator’s parts. An example of a dynamic
simulation for  redundant 4 dof manipulator operaling in the
plane [Khatib and Le Maitre 1978b] is shown in the display of
Figure 4. The artificial potential ficld approach can be extended
Lo maoring obstacles, sinee stability of the mechanism persisls
with a conlinuously lime-varying potential field.

The manipulator obstacle avoidance prolilem has been formu-
lated in lerms of collision avoidance of links, rather than
points. Link collision avoidance is achicved by continuously con-
trolling the link’s closest point to Lthe obstacle. AL most, n P’SPs
then have to be considered. Addilional links can be artificially
intoduced or the length of the last link ean be extended to
account for the manipulator tool or load. In an articulated
chain, a link can be represented as the line segment defined
hy the Carlesian positions ol ils lwo neighbaoring joints. In a
frame of relerence 2, a0 point m(r, 3, 2) of the link bounded by
(g, 2) and ms(Eg g, s ds deseribed by the parametric
cqualions: v

=z, + Mgz — T4 );
y=yi+Myz— ) (28)
z=z; + Mz2 — 21)-

The problem of obtaining Lhe link’s shortest distance to a paral-
lelepiped ean be reduced Lo that of linding the link’s closest
point Lo a verlex, edge, or Face. The analylic expressions of the
link's closest point, the distance, and its partial derivatives lor
a parallelepiped, eylinder and cone are given in [Khatib 1985].

C

Figure 4. Displacement of a 4 dol manipulator

inside an enclosure

9. Joint Limit Avoidance

The potential field approach can be used Lo salisfy the
manipulator internal joint constraints, Let q, and ¢, be respec-
tively the minimal and maximat bounds of the P joint coor-
dinate gi. ¢ can be kepl within these boundaries by ereating
barriers of potential al cach of the hyperplanes (g, = (_14,) and
(4. = G,). The corresponding joinl lorces are:

05— =) e, Sy

R e (29)

p, > 20

and:

(30)

o= {_’l( '_ - ,;':"l ;.-: iy < Poays
. 0, il gi > Py
where .0 and 7, q) represent. the distance limit of the potential

field influence. The distances p. and p, are defined by:
=

>

-q;
-4

(31)

=
=1

il

10. Level of Competence

The potential field concept is indeed an attractive apnroach
to the collision avoidance problem, and much rhsearch has
recentely becn focused on its applications to robol control
[Kuntze and Sehill 1982, Hogan 1983, Krogh 1981]. HHowever,
the complexity of tasks that can be achicved with this approach
s limited. In a cluttered environment, local minima can oceur in
the resultant potential fickd. This can lead Lo a stable position-
ing of the robot before reaching its goal. While loeal procedures
can be designed Lo exit [rom such configurations, limitations for
complex tasks will remain. This is because the approach has a
local perspeclive of the robol environment.

Nevertheless, the resulting polential field does previde the global
information necessary, and a collision-free path. il attainable,
can be Tound by linking the absolute minima of the potlential.
Linking these minima requires, however, a computationally ex-
pensive cxploration of the polential field.
the real-time control we are concerned with here, but can be
considered as an integrated part ol higher level control. Work
on high level collision-free path planning based on the polen-
tial ficld concepl has been investigated by C. Buckley [Buckley
1985].

This goes beyond

11. Real-Time Implementation

Finally, the global control system integrating the potential field
concept with the operational space approach has the Tollowing
structure:

I = T otion + Dobstactes + Tjorne - limaes (32)

where:
[ rotion = J T(q)A(q)Fx, + IH(a)[gd] + Ca)la*] + ala); (33)

The control system architecture is shown in Figure § where np
represents the number of PSPs. The Jacobian malrices ./;ﬂm
have common fnetors with the end-elfeetor Jacobian matrix ./ r
Thus, Lheir evaluation does not require sipnificant additional

computalion, i

12. Applications

An experimental manipubidor programming systemn COSMOS
(Control in Operalional Space ol a Manipulator-with-Obstacles
System), has been designed al the Stanford Artificial Intelligence
Laboratory for implementation of the operational space con-
trol approach for the Unimation PUMA 560 arms. For these
manipulators, the ability to control joink Lorgue is considerably
restricted by the nonlincarities and friction inherent in their
joinl actuator/transmission systems. Therefe-e, the centrifugal
and Coriolis forces have been ignored in the PUMA end-effector
dynamic model.

The COSMOS system is implemented on a PDIY L1/45 inter-
faced Lo & PUMA 560. The PDI 11723 and VAL are discon-
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nected, and only the joint microprocessors in the PUMA control-
ler arc uscd for motor current control. The PUMA is equipped
with a six degree of Ireedom wrist foree, and Lwo three degree
of freedom finger foree sensors. The PUMA is also interfaced to
a Machine Intelligence Corporation vision module.

The rate of the servo control fevel is 125 Hz whilethe parameler
evaluation level runs al 40 1z, With the new multiprocessor
implementation {PDP 11/45 and PDP 11/60), COSMOS has-
achicved a dynwumic and kinematic update rate of 100 Tz and a
servo contrel rate of 250 [z,

We have demonstrated real-Ltime end-clfector motions both free
and constrained, with the COSMOS system. These include
contact, slide, inscrtion, and compliance operations, as well as
real-time collision avoidance with links and moving obstacles
[Brooks and Khatib 1984, Khatib 1985b].

13. Summary and Discussion

We have presented our operational space formulation of
maniptilator control which provides the basis for this obstacle
avoidance approach, and have deseribed the two-level architec-
ture designed to inerease the real-time performance ol the con-
trol system. The operational space formulation has been shown
Lo be an effcstive means ol achicving high dynamic performance
in real-tim:s molion control and active force control of robot
manipulators for complex asscrbly tasks. In addition, Lthe com-
plex translormation of the task into joint coordinates, required
i conventional joint space control approaches, is climinated.

Further, we have deseribed the formulation and the implemen-
tation of 1 real-time obstacle avoidance approach based on

the artificial polential ficld concepl, using analytic primitives
lor obstacle geometric modelling.  In this approach, collision
avoidanee, generally treated as high level planning, has been
demonstrated Lo be an effective component of low level read-Lime
control.

The integration of this low level control approach with a high
level planning system seems Lo be onc of the more promising
solutions to the obstacle avoidance problem in robot conlrol.

With this approach, the problem may be treated in two slages:

e al high level control, generating 2 global strategy Tor the
manipulator’s path in terms of intermediate goals (rather
than finding an accurate collision-ree path);

e al the low level, produacing Lhe appropriate commands Lo
attain cach of these goals, taking into account the detailed
geometry and motion of manipuiitor and obslacle, and
making use of real-time obstacle sensing (low level vision
and proximily scnsﬁors).

By extending low level coutrol eapabilities and reducing the
high level path planning burden, the integeation of this colli-
sion avoidance approach into a multi-level robot conlrol strue-
ture will improve the real-time performance of the overall robot
control system. Potential applications of this control approach
include moving obstacle avoidance, groasping collision avoidance,
and obstacle avoidance problems involving multi-manipulators
with multi-fngered hands.
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