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This paper describes the programming of a
computer controlled arm. The programming is di-
vided logically into planning and execution
Communication between planning and execution is
by a data file which specifies the am trajectory
with reapect to time, and actions that the amm
should perform. The servo program which moves
the amm along the trajectory is based on
Legrangian mechanics and takes into account
coupling between links, and the variation of
inertial loading with change of am configuration.
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INTRODUCTION

We are Interested in driving a computer
controlled amm such as the one shown in Fig. 1.
This am [1] has six degrees of freedom with a
vise grip hand and a useiuL working area about
equivalent to that of a human arm.

The amm is powered by printed circuit eie-
tric motors with harmonic drive gear reductions.
The first two joints are rotary; they are fol-
lowed by a prismatic joint and then by three ro-
tary joints whose axes intersect.

Joint position is determined by six
structurally integrated potentiometers read into
the computer by a 12 bit analog to digital con-
verter. Output is by means of a 9 bit digital
to voltage pulse width converter producing a 15
millisecond pulse at maxmum output. The servo
program is executed by a PDP-6 computer which,
as a part of the time sharing system, is availabJe
for real time applications. The servo program is
a sampled data system with a sample rate of 60
samples per second.

Information about the location of objects
is derived from a vision programming system
utilizing a TV camera as input [2] and is avail-
able as a global data structure.
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385

Computer Controlled Arm

Figure 1]

To describe the progamming of the computer
controlled am ad hand, we will begin by dis-
cussing the tasks that we are interested iIn
performing. AmMm progamming nmay be divided into
Wo areas, namely, planning ad execution. Plan-
ning will consist of deciding what to do ad
generating a trajectory for the am. This tra-
jectory will include hand actions to be performed
during execution. The execution will consist of
servoing the am along the trajectory ad in the
performance of the desi gnated had actions.

TAAS

In order to decde what an am can do, let
us consider first the am proper (excluding the
hand), ad then the had itself.

The prime task of the am is motion, that
s, the motion necessary to noe the had from
place to place. This motion is not a smple-
motion; ae cannot noe the joints of the am
independently i om ae value to another. Con-
sider for exanpe the case of turning over a
block: we will obtain wwo am configuration
such that if the am assumes the first configura-
tion it will place the hand In a posi tion where
it can grasp the block; if it then nowes to the
linal configuration ad releases the block, the
block will have been tumed over as rcquired.
During the execution of this task, at a point
after the hand has grasped the hiock , should the
am noe the had directly to its final configura
tion it will in all likelihood drive the had
ad block through the support (in our case the
table). To avoid this we need to specify a
trajectory such that the block will be lilted
(in fact, such that the block is lifted ad put
doan vertlcally) and, further, such that the had
ad block are not drlven through the support ,
or through any other objects during the motion.
To achieve this, we will need to specify a set
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of relationships between joint variables. We
must also control the acceleration of eadh
joint if a smoah motion is to be achieved ad
thus the am motion should be specified as a
time-dependent coordinated motion. The hand's
actions are opening, closing, axd grasping
actions, simple tasks requiring no servoing.
e am can also perform actions of the
foorm of exerting a force, where the am motion
Is constrained by the hand. Tuming a crank
IS an exanpe of such a motion. First the had
Is brought to the crank, followed by the had
action of the hand grasping the crank ad

then the action if the am exerting a force
on the cank In the appropriate direction.

Am motion will be specified by a trajectory,
giving joint variables as functions of time in
the foom of a table of values, hand action will
be specified by procedures which can be executed
at key points in the trajectory. Consider the
task of picking up a block, a classic computer
task: we have the motion of the am to bring
the hand over the block, followed by the had
action of grasping, followed by the motion of
the am in lifting the block. In such a task,
sequential execution would be required, but In
a task of throwing an object we would need to
goen the hand while the am was in motion.

Thus we have wo types of had action procedures,
those which require execution while the am is
IN motion ad those which are executed when

the am has completed a motion. With the exe-
cution so specified, we can perform tasks such
as manipulating stationary objects, turning a
crank, ad throwing things. There remans ae
further class of tasks, that of catching or
Intercepting other oblects. To hande such
tasks we will use the following method: at

the proper time a pre-computed trajectory which
would put the am into the general vicinity

of the object with the correct velocity would
be executed; then, as the had neared the ob-
ject, the trajectory would be perturbed by
having the contents of an array of external cells
gradually added to the set point. This,then,is
the state of the execution part. Qe key point
should be noted: In all tasks the trajectory
is koM aead of time ad thus the am con-
figuration ad velocity are also known; this
information is used in the section which deals
with servoing the am.

HANNNG

Let us consider the planning phase, that is,
the set of progams which generate the trajectory
for the execution phase. In order to cover most
of the details we will discuss what Is perhaps
the man am task: to noe the am from its
initial position to pick up an object, then to
noe the objett to a final position, piacing it
there with a given orientation, ad finally to
noe the am clear.

Perhaps the key procedure will be one that,
given initial ad final am configurations,
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will generate a trajectory between these two
positions. But before we can call this pro-
cedure we must determine the initial ad final
positions. In the problemm we are considering,
we have three parts to the trajectory: the
trajectory from its present position to the point
at which it will pick up the block, the trajectory
between picking up ad placing the block and,
finally, the trajectory to the rest position.

We kow the Initial position, which is the
arm s current position, and we ney assue that
we kow the rest position. The pick-up ad put-
doan positions are undefined except tor the re-
quirements that the hand be able to grasp the
block in the first position ad release the block
IN the second position with the required position
ad orientation. To specify an am position we
give the cartesian coordinates of the center of
mess of the object o be picked up. We then give
the orientation vector which points from oe fin-
ger tip to the other. Finally, we generate a
reference direction fomed by crossing a vertical
vector with the orientati on vector, ad specify
the approach angle between the fingers ad this
rei erence direction measued about the orientation
vector.

For planar or convex surfaces an object
ey be picked up by wo parallel faces on an
axis containing the center of mass. This wiill
prevent the object from rotating. Qe but not
both surfaces nmay be replaced by an goex of the
body. Both surfaces nmay be replaced by edges ff
they are perpendicular to the mess axis. These
consi derat | as define the set of orient at i on

vectors.

To find systematically all the possible
orientation vectors we first find ail vectors
from the center of mess of the object that inter-
sect ad are 1) noma to ay edge, or 2) nomai
t o awy piane, 3) pass through ay apex. We then
search this list for anti-parallel vectors, being
careful not to take both vectors from the third
class.

Ilnese orientation vectors are stored with
the prototype, which is a global description of
eadch object [9].

To find out how a particular instance of a
given prototype neay be pieked up, we simply trans-
fom the set of orientation vectors of the proto-
type to their space position. Hom this set we
can hhmed ately delete any orientation vectors
which require that a finger be placed on the sup-
porting face or on ay edge or vertex of the sup-
porting face. We then havwe the set of possible
orientations by which the object naey be picked

up.
The next problem Is to find out whether the
am can reach the object ad to establish "for eadh
possible orientation vector the range of the ap-
proach angle through which it can be reached.
This is nomally a difficult problem and requires
the am design to havwe certain properties if the
solution Is to be simple. In our case the fact
that the last three joint axes intersect naes
the problem relatively simple [4] ad we can




Session No. 8 Robots and Integrated Systems

find the ranges of approach angle, having speci-
fied the x, y, z position of the hand and the
orientation vector.

Having found the ranges of approach angle
for each orientation vector, we need only look
at the other objects to see that the solution
we have obtained does not cause an intersection
between the aim and any other object.

For any body which is within reach of the
am there are normally a fair number of possible
ranges of approach and orientation by which it
may be picked up. Of course, if the object has
to be put down somewhere after it has been picked
up, then the solution is the intersection of the

possible solutions at both the pick-up and put-
down positions. Thus "pick up the block!" is not
really a primitive operation unless very little
manipulation of the objects is required; rather
the primitive operation is "move the block!"

For unless we consider how the block is to be
placed prior to picking it up, we may find that
having picked up the block we have to put it
down again and pick it up differently so that we
may put it down as required.

Thus having found the intersection of the
possible orientation vectors at both the pick-up
and put-down positions and then having formed
the intersection of the approach angle ranges
we may select any approach angle within the
range.

These considerations of how a block may be
picked up specify the missing aim configurations
and we are able to call the trajectory generating
procedure.

TRAECIORY

In planning a trajectory there are conflict-
Ing requirements and scarce resources. From the
point of view of the am we might want to use
a "bang bang" servo, i.e. to mowe the am so
as to minimize time, or perhaps to mowe each
joint so as to minimize time independently.
But these are unpleasant motions involving much
transient behavior and movements too fast for
the arm's owmn saiety. Better would be a
trajectory without discontinuities in position,
velocity and acceleration, with zero initial
acceleration and with well defined maxmum ac-
celeration and velocity. Such a trajectory
would result in smooth motion of the amm without
excessive velocity or acceleration.

There is another way of looking at the arm,

and that is from the point of view of the object.

Although we do not want to mowe the object in a
straight line through space, should it rise up
vertically and then mowe the appropriate hori-
zontal distance before descending vertically, or
should it mowe along a smooth space trajectory?
An important requirement is not colliding with
other objects, but here also we have a choice:
should the trajectory mowe from one place to the
other by feeling its way around any intervening
objects, or should it move up and over all the
intervening objects?
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There is no simple aswer o these prohlesm, ad
we are severely limited in tme with ae to Wwo
seconds being considered reasonable to plan a
trajectory. W we do is to start by considering
the object ad to noe it vertically with an ac-
celeration initially zero.

At the ed of the trajectory we noe it
similarly but with a controlled deceleration.
Aiter the initial acceleration which lifts the
object clear of the table,we consider the am
ad fit a smooh trajectory which matches po-
sition, velocity ad acceleration between the
Wwo partial trajectories.

Trajectories are functionally polynomials
with joint angle as the dependent variable ad
tme as the Independent variable. The trajectory
for eech joint is a sequenoe of polynomials, eadh
specifying the trajectory for a given period of
time. The total am trajectory is a set of six
such sequences. End conditions for each polynomial
are continuity of position, velocity axd accelera-
tion. In the case of those polynomials specifying
the beginning ad ed of the trajectory the initial
or final velocity axd acceleration are zero. To
specify the Initial part of the trajectory we
give a point through which the hand must pass ad
a tme to reach this point. For picking up blocks
this point woud nomally be about oe inch acowe
the initial position such that the block is lifted
vertically, however, control of the position of
this point allows a higher level planning routine
to specify an initial direction which will lead
the had into clear space. The differential
dage In joint anges to noe the had to this
point is computed, ad this,together with the
time, ad the requrement of zero initial ad final
velocity axd acceleration, allow us to determine
the coefficients of a third degree polynomial
which specifies the initial part trajectory. The
final part of the trajectory is specified in a
similar manner, but in this case it is the final
velocity axd acceleration which are zero.
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The time to mowe the am from the first cri-
tical point, at the end of the beginning of the
trajectory, to the second critical point, at the
beginning of the end of the trajectory, is cal-
culated on the basis of change of joint angles,
and a set of partial trajectories is calculated
to join the two existing pieces of trajectory.
These segments of trajectories are then checked
for excessive acceleration and the time increased
If necessary.
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Figure 3

The trajectories are then checked for joint mo-
tion beyond the physical stops. If a joint
moves beyond its physical stop the trajectory
segment is broken into two parts. Ore part brings
the am from the first critical point to the stop,
with zero final velocity and acceleration, and

a second part takes the am from the stop to the
second critical point. If the sum of the times
Is less than the time available, then a third
trajectory segment is added between these two,
which simply keeps the joint stationary. |If

the time is greater than the time available be-
tween critical points then the other trajectories
must be recalculated. Tf we find that we will
collide with another object, we modify the tra-
jectory in such a way that we pass by the object.
This modification is done heuristically. Should
the object with which we have collided be the
table, we may simply movwe up, and by selecting
some joint, modify the position in the upward
direction. In the case of blocks this "Up"
heuristic will still succeed. But in the case
of towers and overhanging objects, a different
heuristic will be required where we will go In
and around the object. Having decided In what
direction to move we compute the sensitivity to
motion of the six joints and select that joint
which has the greatest sensitivity in this direc-
tion. The change in angle of' this joint is then
found such that the amm will no longer collide.
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This change is added to the present joint angle
to form an intermediate point. The trajectory
Is then broken into two parts: from the first
critical point to the intermediate point, termin-
ating with zero velocity and acceleration; from
the intermediate point to the second critical
point, starting with zero velocity and accelera-
tion. If the time for these two trajectory seg-
ments exceeds the time that the other Joints
will take, then the time must be increased and
all the trajectories recalculated. If the time
Is less than that available, then a stationary
part will be added.

Collision

Joint Point
'oln
\

Angle
x

Ihtermediate
Point

Time
Collision Avoidance

Figure 4%

The modified trajectory is then checked for col-
lision from the first critical point. If an-
other collision is caused by this modification,
then a point on the original trajectory in the
vicinity oi this new collision is substituted
for the first critical point, and the modifi-
cation is repeated from this point. By this
means, a smooth trajectory is obtained which ful-
fills all the requirements: vertical ascent and
descent, smooth motion, and collision avoidance.

SERVONG

The method of servoing the amm is as follows.
We have a mechanical system, "the arm," consisting
of a series of links in the form of a chain, with
one degree of freedom between each link. Given
a table of required values of the link variables q.
and the present and past values of these variables',
we must decide what polarity of voltage and pulse
width to apply to each motor to movwe the amm along
the required trajectory.

We can easily calculate on a joint-by-joint
basis the joint acceleration necessary to keep
the am moving along the trajectory, using con-
ventional servo techniques. This we do using
both position and velocity error signals. In
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order to find the voltage pulse width, we sub-
stitute the accelerations so found into the

Newtonian equations relating force to acceleration,
to obtain the joint torques. Taking into account
gear ratio and efficiency, we can then find motor

torque and the related drive current. Using
the back emf and motor resistance we can finally
find the voltage pulse width.

In order to obtain the equations relating
force and acceleration we use the matrix method
developed by Uicker [6] as follows: Associated
with each link is an orthogonal coordinate sys-
tem fixed in the link, see Fig. . For link |
the Zi axis is directed along the axis of the

joint between link i and i+1. The xi axis Is

along the common normal between the two joint
axes of the link in the direction from x.1 to

X . The y axis completes the right handed set.

We can relate between coordinate systems
-1 and i by performing a rotation, followed by
two translations, followed by a rotation in the
following manner:

1). A rotation about z.; of 0i to align
Xi.1  with xi the common normal.
2). A translation s; along Zi.1 to locate

the origin on the common normal.
3). A translation of a1 along x. to bring

the origins into coincidence.
4) . A rotation about xi of a1l to bring the

z axes together.

Coordinate System

Figure 5
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1f we express points in link i by a column vector:

then the relationship between coordinate systems

Ri and Ri-l may be expressed by Ri-] = |Ai| * R1
where |A1| is given by:
cos 0O -cos a sin C sin a cos © a cos ©
sin O cos a cos O =s8in a cos 0 a sin 0O
@ gsin a CO8 «o 8
@ ¢ ¢ 1

if we let link ) be the table coordinate system

then we may relate from any link coordinates to
RG by

= % * *
I% Al A2 A3... A1 Ri
= W * ] m * X ...
or Rb i Ri where wj Ai A? A3 Aj
the velocity of any point Ri may be expressed as:
i
Vv ¢! = X %
i Rg/dt = 7 u11 dqj/dt R,
J=1
where
= W./8q . = A *A.... k() kA % .
”ij Jwi/)qJ A*A, Aj_] Qj Aj AJ_H Al and
depending on whether the joint is rotary or prismatic
9-1 ¢ @ 000
]
o0y = |1 000 oy = |90 00
2000 2001
0909 2000

The kinetic energy of the entire system may then
be expressed as:

o T
K=1/2 ¥ 7race(V, * H * V )
i ) i
1=]
= *
with Hi ;
2 (-k? k2 k2 k2 k2 X
Z(- + , )
L2k 4k ootk 93) 112 113 74
= 1/°(k2 kX K7 ) K Y
il? - i1l 122 1373 i23 i
2 2 2 2 2 —
R -
k“i13 Koyqog W20 ¥k okiygq) 2y
Xy yi 74 1
where: kijk is the radius of gyration of link 1

e

about the j,k axes, ;&, ;i, zi, 1s the center of
mass of link 1{. m, is the mass of 1ink 1.
The potential energy of the system due to
gravity In the -z direction, may be expressed by:
n

P= -3 m *G*W * R
i i i
i=]
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where: G = [@ § g @), and g is the acceleration correspond to gravity and centripetal forces;
due to gravity. Forming the Legrangian, per- these produce constant compensating forces in-
forming the differentiatlions and simplifying we stead of accepting constant error offsets.
obtain It Is believed that this work provides a
n 1 " systematic approach to am programming and
Fo= 2 [ 2 Trace(U, H, U, qk) avoids the necessity of continually writing
1 j=1 k=1 L special programs to perform each task.
Using the computer for the servo has been
j j T _ central to our work and has made modification
+ 1 I (Uyq H U ql c';k) -m, G U, R ] of approach simple, allowing various techniques
k=1 1= ! i3 ] AL to be tried without the necessity of building
. . hardware.
Although this Is the relation between force
and acceleration, it is not possible to compute RE
it in real time. At the time that we are planning B
the trajectory, however we know the values of g1 1. Scheiman, V. D., "Design of a Campuer Gn
and we can compute the coefficients such that we trolled Hand", Stanford Artificial Intel-
have : igence Project Mo Al-92, Stanford Uni-
. oo versity, Stanford, California.
T T € R N Vi L T 2. Kay, A C, et al, "The Stanford HandEye

Project”, forthcoming paper.
Making use of the trajectory we predict the

veloclities and compute the last term, comblining 3. }(ahn, M. E_, "Near Tne Optma| Control of
it with the first, to obtain tinally the inertial Qoen Loop Articulated Kinematic Chains”,
matrix. o Stanford Artificial Intelligence Project
F =C +1: C . 4§ Mo Al-106, Stanford University, Stanford,
1 1 y=1 1y A California.
This information is then pre-computed with 4. Pieper, D. L, "The Kinematics of Manipulators
the trajectory and during execution the servo Under Compuler Control”, Stanford Artificial
program, having measured q; and calculated Intelligence Project Menp Al-72, Stanford

. . e University, Stanford, California.
g , simply performs the matrix multiplication to

o o o en o, forces 5. Paul, R, Fak G, Fedman, J. A, "The
?rictional effects are glso iﬁcluded Rep ntaton of Simply bed
' Scenes’, Stanford Artificial Intelligence

rovec-jr hlsosaspi)tr))lrgafg QSI'SVOWC’[T\keedarrV;ele:Io?\nd ait tf;gs_ Project Mero A-101, S
P P . 9 Stanford, California.
jectory resulting In a change of position of

anford University,

some 40 inches c|)n less thar) 1 second with a final 5. Uicker, J. J., Jr., 'On the Dyraric Analysis
accuracy of 0.02% or 1/30 inch. | of Spatial Linkages Using A X 4 Matrices”
Let us see how this relates to a conventional PhD. Dissertation, Northwestem University,

servo. Here the output force is the weighted sum
of the errors (position, velocity, etcetera),
with the weighting constants usually determined
experimentally. Although the acceleration may
be derived as a weighted sum of the errors, the
force is not proportional to the acceleration
except in simple systems. In the case of the
am the term6 which correspond to the proportion-
ality between acceleration and force, are the di-
agonal terms of the matrix. These terms are
heavily dependent on the amm configuration which
changes rapidly during motion, some of the terms
varying by as much as two orders of magnitude.
The off-diagonal terms of the matrix correspond
to the coupling between joints, which is nor-
mally ignored. Consider, however, what happens
when one of the root joints exerts a force to
move the amm up: all the external joints will
accelerate downwards causing a subsequent error
at the next sampling period. In our case a
compensating force is applied to keep all the
external joints in place. The remaining terms

Evanstan, lllinois, August 1965.




