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ABSTRACT

This report describes a philosophy of automatic control based on
both coded and analog information and shows how to construct and communi-
cate with a simple arm. automation by using four increasingly automatic
levels of supervisory control. The communication uses a natural language
consisting of both coded and analog information to carry out tasks with
a seven-degrees-of-freedom manipulator. The supervisory control is
1argé1y based on information from touch sensors mounted on the end ef-
fector. The use of tactile information in manipulation is studied in
two ways. First, such information conveyed directly to the hand of the
human operator allows him to be more efficient, avoiding drops and fumbles,
and allows him to perform--with poor or restricted vision--tasks that could
not otherwise be carried out., Second, tactile information provided to
the computer controller enables the mechanical arm to react with simple

automatic reflexes and to act with automatic grasping abilities,

Manipulation with a transmission delay simulation is studied using an
on-line computer to measure movement and waiting times. The simple move-
and-wait strategy previously reported by Sheridan and Ferrell (1963)* is
found not to be followed; a more complex sequence of events actually
occurs., A preliminary compensatory tracking evaluation showed that a.
teleoperator can be characterized in terms of simple changes in the
operator-teleoperator describing function and that corresponding figures

of merit can be obtained.

*
References are listed at the end of the report.
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I INTRODUCTION

When we leave the laboratory environment where master-slave mani-
pulators are king to perform manipulation tasks in the field, we must
either pay dearly for a bilateral (force-reflecting) manipulator or
accept an order of magnitude increase in task completion time from a
unilateral system. In distant space operations involving transmission
delays, force reflection actually impedes performance, and we are forced
to use the slower unilateral manipulator. If we equip the remote arm
with a minicomputer and some sensors, however, man's reflexive actions
and adeptness can be recreated at the remote scene, drastically reducing
task completion time. -The decision-making ability of a small computer,
codpled with its ability to direct stored and practiced sequences of
motions, enable remote tasks to be carried out quickly without the neces-
sity of feeding intermediate force information back to to the operator

or requiring intermediate control information from him,.

Other advantages of computer-augmented teleoperator* control are
evident at the control station, where a small control computer can generate
displays, calculate difficult coordinate transformations, and allow man
to alternately exercise control with joysticks, push-buttons or typed in~
structions. Eventually the computer will help him plan and carry out the

best strategy for completing a given job in the shortest time,

Teleoperator is defined as a general purpose, dexterous, cybernetic
machine that communicates man's bodily dexterity across a barrier to
mechanical actuators (1) that can operate under loads too great for

any unaided man, (2) in an environment too hostile or too far away, or
(3) in the case of prosthetics, that help a handicapped man become more
nearly normal (Johnson and Corliss, 1967).



La

A primary goal of our research effort over the past few years has
been the design of a computer-augmented teleoperator control scheme that
optimizes performance in carrying out remote tasks by combining the best
attributes of man and staté-of-the-art computing, Man's ability to in-
terpret scenes, estimate distances, and project motion with a multico-
ordinate control brace is combined with the computer's abilify to save
gnd acgurately duplicate arm positions, remember sequences of motions,
carry out tests based on arm positions, and interpret touch sensors.
General background material on such supervisory control. systems has been

summarized by Johnson and Corliss (1967) and Corliss and Johnson (1969),

In the course of this research, we have developed an experimental
facility consisting of computer-augmented local and remote stations
coupled through a transmission delay. The operating system consists of
a unique interactiye control language that permits manual and automatic
control modeé to be used separately or in combination. Of prime im-
portance in this work has been the development of a touch-sensing system
for the remote end effector. These seﬁsors are the source of information
.for both sensory,di§p1ays and automatic control .modes. The results of

qthis_research,appeag:in two final reports (Bliss, Hill, and Wilber, 1970;
and Hill and Bliss, 197la); in two papers out};ning4the supervisory con-
trol concept (Hill and Bliss, 1971b; and Hill and‘Sword, 1972); and in a
paper foé&sing on automatic contrél of a han& présthesis (Hill, 1972)

PO
reproduced in Appendix I.

Lt

This report covers a one-year research effort\on additional work in
this area. Objectives of this additional work include the further de-
velopment of a computer-aided teleoperator control system, tasks and
measurement techniques for evaluating human manipulation performance,
and remote sens;ng and display techniques. The body of this report covers

the work toward these objectives. The nine appendices describe techniques



and instrumentation necessary for computer-augmented teleoperator control

and performance measurement.

Section II describes the. computer-simulated supervisory control
system. New additions to the previous control system (Hill and Bliss,
1971) are (1) the Computek control console, which, because of its high
speed, allows the computer to communiéate quickly with words instead of
abbreviated symbols and letters used previously, and (2) a tactile inter-
face to the computer, which allows the state of the touch sensors to be

read quickly and used to control actions and generate displays.

Section III desériﬁes the control modes of the superQisory coﬁtrol
system. New developments include an interactive decision-response con-
trol mode with roughly- double the numbers of commands and tests. in this
mode the computer commnunicates with the operator in sentence-like state-
ments identical to those of the ARM (algorithmic remoté manipulation)
language. The ARM language itself has been expanded to include both
special and general sensor tests. The generai tests permit ény of the
millions of possible combinations of activated external sensors or acti-
vated internal jaw sensors to be specified by the operator and tested in
a single command. In addition, the concept of a new control mode (DYNARM)

for concatenating ARM programs to specify a complete task is described.

Section IV reports fhé development of an on-line technique for

measuring human performéﬁcé in a fime-delay situation.A Thé computer is
programmed to measure accurately the number and duféfibn of the opérator's
moves and pauses during a task., Using thES'pefformance monitor in a time-
delayed manipulation task, we found that while humans do move, wait, move,
wait, ..., etc., they do not use Sheridan and Ferréll's (1963) move-and-
wait strategy, but rather’move in a more complex manner. Move-while=-

[

moving and multiple-move ‘Strategies are frequently used:

LR
AL PEN



Section V describes the completed design of two displays that provide

»

remote touch information to the operator. Completing the brace-mounted
tactile‘display on the operator's hand involved the desigh of stimulators
corresponding to the external hand sensors (excluding fingers) and a
smoothly acting jaw controller that did not interface with the bimorph
finger displays. A computer-generated scope display of the touch infor-

mation includes motion of the jaw and, in addition, gives information of

the object's size,

The compensatory tracking analysis of Section VI provides initial
describing function data for the Rancho teleoperator. A combination of
tracking runs using. the human arm, Rancho brace,’and Rancho arm as the
controlled vehicle, permitted limitat;ons of both brace and mechanical
arm to be determined'separately. Remnant data indicate that this tele-
operator accentuates low frequency operator noise 'and filters out high
frequency operator noise, The concept of a teleoperator-induced remnant °
was unexpected; that of. a teleoperator-induced filter was expected.
Figures of merit fqg the Rancho system in terms .of open loop gain reduc-
tion, increased time-delay (also known as the  S'critical” time), and in-

ternal noise were easy to characterize from -the .data.

Finally, the ,appendices describe a new range  sensor, computer tech-

niques, and experimental designs.



II ARM CONTROL SYSTEM

The control system for carrying out tasks at a distant location with

a mechanical arm consists of the following three basic elements:

e A control station where the operator controls the motion of
the arm by transmitting commands in the form of both analog
and/or discrete information and by supervising the resulting
action usiné various displays and feedback.

e A remote station that accepts the commands and uses them
along with information from environment sensors to control
the arm,

¢ A communications link that limits information flow. The
limitations may take the form of a time delay, a bandwidth
limitation, a signal-to-noise ratio, maximum video frame
rate, etc,

A, Control Station

The arm control station is shown schematically in the left half of
Figure 1, 1t consists of several manual inputs, several visual and tac-
tile displays, and a teletype input to a computer in order to permit the
operator to select and transfer among inputs, displays, and programs of

motion to accomplish a given task,

1. Manual Inputs

The manual inputs are illustrated in Figure 2. The Rancho
anthropomorphic control brace measures the joint angles of the operator's
arm with a set of seven potehtiometers. These joint angles can also be
controlled with individual potentiometers mounted on a panel. Manipula-
tions in tasks requiring either a long time to complete or precise posi-

tioning are generally best carried out with knob control,
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Control can also be entered directly from a teletype, using
the format #6 = 45 where "#" and "=" are prompts from the teletype, 6"
is the joint number, and "45" is the joint angle in degrees. Teletype
control has been used largely for testing and the debugging of manipula-
tion programs. It would be desirable to add a joystick-type controller
and perhaps a miniature (scaled down) control brace light enough to main-
tain the position it is put in and small enough to be manipulated with
the operator's fingers, These additional manual inputs would greatly
enhance the flexibility of the local station and enable the operator to
exercise greater freedom in planning strategy to complete a task, 1In

addition, comparative performance studies could be run to determine what

type of control is most effective for a specific type of task,

2, Sensory Feedback

Primary feedback is supplied by a closed-circuit television
system., In addition, a computer-driven scope display presents the state
of the touch-sensor information. This display is described in Section V.
Here information from tactile sensors, as well as the degree of jaw clo-

sure, are presented in perspective.

Tactile feedback from the arm to the operator is provided by
a set of touch sensors on the hand, The touch sensors fall into two
groups: (1) a pair of touch-sensing pads on the gripping surface of the
manipulator tongs and (2) a number of individual contact sensors covering
the outer surface of the tongg and wrist. Since these sensors and the
anthropomorphic tactile stimulators represent a major part of this

project, they are separately described in Section V.



B. Remote Station

The remote station as it currently stands in the communication sys-
tem is shown schematically in the right half of Figure 1. It consists
*k
of a modified Rancho arm with a number of specially built touch sensors,

a TV camera, and a computer, The physical layout is shown in Figure 3.

FIGURE 3 REMOTE STATION. From left to right are (1) the computer interface containing
proportional control amplifiers, sensor amplifiers, and power supplies, (2) the
modified Rancho Arm, and (3) the TV camera.

*
Model 8A, a seven-degrees-of-freedom anthropomorphic manipulator manu-
factured by R&D Electronics, Downey, California.




1. Mechanical Arm

During this study, the Rancho arm was upgraded to reduce the
amount of play in the joints and to increase the range of motion., 1In
total, all joints but one have been refurbished to some degree, two mem-
bers have been completely replaced, and two joints completely rebuilt.
These changes were deemed necessary, based on our previous experience
with the arm, in order to carry out meaningful manipulation experiments

with it,

An initial study of the sources of play or looseness in the
Rancho arm revealed that poor design in the three worm-gear-driven joints
was the major trouble. Replacing the bearings with commercial roller
bearings and incorporating simple backlash adjusters greatly improved
smoothness of performance. To lighten the arm, cable drivers for jaw
closure and wrist prehension/extension were lengthened in order to mount
the motors on the main pedestal. To extend the range of hand motion,
thus raising the number of meaningful tasks that could be carried out,
wrist flexion/extension range was increased from 90° to 180°, and wrist
rotation (supination/pronation) was increased from 90° to 360°. To re-
duce the play between the tongs, the prehension linkages were rebuilt;

the machine-screw bearings were replaced with tightly fitting pin bearings.

2. Proportional Arm Controller

Because of the many difficulties experienced with the original
relay-operated bang-bang control system, a new proportional control system
was designed and built, The new system has the following advantages over
the original system:

e The time for a given movement can be halved by driving

the motors harder than the original system while still
retaining stability.

10




e Smaller movements are permissible.

e The smooth acceleration and deceleration reduces the
mechanical coupling between joints and the vibrations
at the beginning and termination of movements,

e Proportional control allows computer programs to

govern rates of motion as well as position,

The proportional power amplifiers use a pulse-width-modulation
drive to keep the power dissipated in the drive transistors low and also
to 1limit the drive current to prevent the motors from burning out., Since
torque is proportional to motor current, this current limiting also pro-

vides a linear and easily adjustable analog to a mechanical clutch,

3 Sensors

There are two types of tactile sensors presently on the mechani-
cal arm. Both are constructed in similar fashion. The external sensors
indicate when the outside of the tongs or hand come into contact with any
object. The grab sensors indicate the shape of whatever object the hand

is grasping, These sensors are more fully discussed in Section V,

In addition to the above sensors, work is presently being done
under separate NASA contract* to develop a complete hand sensing system
composed of proportional grab sensors, area contact sensors, and slip
detector sensors. These sensors will overcome the present limitations
of sensor durability. It is hoped that when the design is complete, a
set can be installed on the Rancho arm to replace those that presently

exist,

*
This research is being carried out under Contract SNSN-63 from the
National Aeronautics and Space Administration,

1l



Primary feedback is provided by a television camera, located
at the remote station, that provides the operator with a view of the
entire arm and its work space. Recently, a second television camera has
become available, and plans are to mount this camera on the pedestal that
supports the arm, thus providing the operator with a closeup view of the
work space from above, This corresponds to the view the operator would
have if he were performing the task in person. This second camera also
allows an evaluation to be performed to determine effective placement of
the cameras in order to enhance operator performance without confusing

him by presenting him with two different television pictures.

Recently, a design has been completed and some of the parts
fabricated for a range sensor, This sensor will give the operator in-
formation that was previously unavailable. He will be able to determine
if he is about to touch an object, and if so, he can determine the approxi-
mate distance to and direction of the object. Further, the operator will
be able to determine if the hand is properly positioned prior to grasping
the object. This will be extremely useful in situations where, due to the
position of the television cameras and the alignment of the hand, the
operator's view is obscured. The range sensor is shown mounted on the
hand in Figure 4, The construction and operation of this sensor is dis-

cussed in detail in Appendix A.

C. Limited Communications Link

The limited communications link has been incorporated into the sys-
tem in order to provide the ability to investigate realistic situations
in which hazardous conditions exist, large distances are involved, or

both. The limitations may take the form of:

12
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e Bandlimiting
¢ Noise

e Time delay.

The first two of these limitations involve the television picture and
can be introduced into the system by adjusting the television camera/
monitor system. The transmission delay limitation has been simulated by
computer, The delay available is variable from zero to twenty minutes
in 1/30th second increments. The delay operates by constructing a queue,

called a delay line, in core and disk memory.

All analog and discrete commands are inserted into one cell of the
delay line at the same time that delayed commands to be executed are ob-
tained from the cell, as shown in Figure 5. First, the delayed command
is removed from the ith cell, and then the most recent command is inserted
into the same cell. For the next cycle, the i + 1lst cell is used. Since
this process occurs at the rate of 30 per second, each cell represents
1/30th of a second. Thus, the total delay is equal to the number (N) of

cells in the delay line times 30.

14




FROM INPUT PROGRAM

\

MOST RECENT COMMAND

Command Transferred into
Delay Line

MEMORY LOCATION-=1

Command Transferred
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FIGURE 5 EFFICIENT SIMULATION OF TRANSMISSION DELAY
First the delayed command is removed from the jth cell,
and then the most recent command is inserted into the
same cell. For the next cycle, the i + 15t cell is used.
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III ARM CONTROL MODES

In order to interact with the control system described in the pre-
vious section, three different control levels have been implemented:
(1) manual, (2) decision-response, and (3) ARM (algorithmic remote
manipulation) language. Two other control modes are in various stages
of planning: (1) DYNARM (dynamic arm programmer) and (2) the planner,
These control levels span the continuum between purely manual control
and complete machine control, Varying amounts of computer-augmented
assistance can be called on to match the certainty or uncertainty of the
task, The primary advantage of the multilevel manipulation is that the
operator is at liberty to select any desired control mode and then to
intervene at will, perhaps in mid-task, and change to any other control
mode, With a system of such great flexibility, studies can and have been
undertaken to determine what is the most efficient combination of man and

machine to complete any specific class of tasks.

An integral part of the above five levels of control is the computer
controller located in the remote station, A block diagram of the computer
controller is given in Figure 6. An instruction (two 12-bit words) and
the analog joint commands (seven 12-bit words) from the control station
are the only inputs, Arm control is quite conventional; the actual joint
positions (obtained by analog-to-digital conversion) are subtracted from
the command joint positions, and this difference is multiplied by the
joint gains and then output to the servo motors (via digital~to-analog
conversion) to establish angular rates, The transfer register is used
to offset the analog commands, so that control can be transferred to the
human operator smoothly after an automatic operation has been completed.

Thus, with the use of these registers and the memory, in combination with
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the registers in the

tasks can be carried

A. Manual Control

Three different
implemented into the

trol. These manual

control system and the sensor information, meaningful

out,

types of manual control modes have presently been
arm control system: knob, brace, and teletype con-

modes have been designed with man's efficiency of

operation as the paramount consideration. Knob control is achieved

through a bank of seven potentiometers located at the local station.

When the operator specifies knob control by typing K (the computer prints
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§NOBS*), and further specifies whether control is to be by the absolute
values of the potentiometers or by their relative changes by typing A or
R (éBSOLUTE or EELATIVE), the computer reads the knob angles as voltages
by analog-to-digital (A/D) conversion, and the arm moves to those angles.
Brace control (ERACE) is identical to knob control, except that voltages
from the potentiometers on a seven-degrees-of-freedom Rancho anthro-
pomorphic brace worn by the human operator are used as command signals.

A different set of A/D channels are used for this purpose,

The teletype control mode is used not only as a control mode, but
also as an information mode. By typing a T (the computer prints ITY) the
operator can enter the teletype mode; he can then specify COMMANDS or
EOSITIONS, causing either the most recent command vector or the arm posi-
tion vector to be printed out. The operator may also specify an angle to
which a specific joint is to move. These commands and their relationship
are illustrated in Figure 7. An example will illustrate how these manual

modes are used in conjunction with one another to accomplish a task,

Suppose the operator is faced with the task of picking up a round
peg and placing it in a round hole. One of the possible command sequences

for such a task is as follows:

>BRACE : ABSOLUTE
>KNOBS : RELATIVE
>BRACE: RELATIVE

>KNOBS : RELATIVE

*
Throughout this report, on-line communication with the control computer

is represented by capital letters., The underlined letters are those
typed on the control typewriter by the operator.
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Here the operator uses the BRACE ABSOLUTE command to allow him to move
the arm in the vicinity of the peg. He then uses the KNOBS RELATIVE
command to transfer control to the knobs without any transient motions,
The knobs are used for precise control to pick up the peg., The operator
then goes to relative control from the brace and moves to the bin.
Finally, he transfers control to the knobs in the relative mode and in-
serts the peg in the hole, Notice that the operator generally uses the
brace for gross arm motions and the knobs for very precise arm motions.
Notice also that the teletype mode is not used; it is used primarily for

diagnostic work and program writing.

B. Decision-Response Control

Under the decision-response mode of control, the operator has con-
siderably more flexibility than with the manual mode. The decision-
response mode is actually a dual one, The operator may specify via tele-
type a test and an action to be completed, provided that the test is
passed, Alternatively, the operator may specify that only the action
is to be carried out. Thus, the two aspects of this mode of control may

be thought of as being reflexive and commanded.

Examples of this control mode, are:

IF ANYSENSOR THEN CLOSE

or

CLOSE

In the first case, the jaws will close only if a tactile sensor has been

activated, whereas in the second case, the jaws will close regardless of
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sensor state. Control by this mode may be achieved by responding to the
">" prompting symbol with a D (for DECISION-RESPONSE MODE). The computer
then signals that it is ready to accept commands by prompting with "@."
This is illustrated in Figure 7. One of the unique features of this
system is that the operator may specify the test and action and then

manually move the arm, Thus, the operator might specify:

IF FINGERTIP THEN STOP

The operator may then move the arm about, and if the fingertip sensors
contact anything, the arm will automatically stop. For the computer,
this instruction is coded by FS, where the fingertip sensor closed test
is specified by F, and the STOP command is specified by S. Appendix H
lists all of the currently available tests and actions, together with a

description of how they affect the registers of the computer controller.

Discrete instructions transmitted by the human operator are saved
in the instruction register. The basic form of the instruction specifies
a test and an action, called a decision-response pair, and a numerical
parameter. Not shown in Figure 6, but essential to the operation of the
automatic controller, is the instruction processor shown in Figure 8.

The processor transfers numbers between registers and carries out sensor
and position tests on the basis of individual instructions, These in-
structions are the building blocks used by single commands from the con-
trol typewriter., A single instruction requests that a specific test be
executed and that a specific command be carried out if the test is passed.
The first half of the instruction word (6 bits) is used to select one of
64 possible tests by means of a look-up table., If the test is passed,

the second half of the instruction (6 bits) is similarly used to select
one of 64 possible actions, Even though only 19 tests and 25 actions

have been implemented, a rich variety of operations is already possible,
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One advantage of this system is the ability to converse with the arm
in a language more natural than the machine language normally used to
program small computers. Another advantage in the time-delay situation
is that the entire set of subroutines of machine-language instructions
for the given test or action need not be transmitted to the remote com-
puter, These subroutines are already built into the remote computer.

Only a single instruction need be transmitted.

These instructions also allow short sequences of operations to be
sent from the control station at one time, instead of their having to
be sent one by one with a wait for a return message after each. Thus,

the sequence of commands:

IF FINGERTIP (sensor) THEN STOP

OPEN (jaws)

allows a particular job to be done with one cycle of transmissions through
the time delay that would ordinarily take three cycles., Additionally,
with long time delays, this sequence of commands specifies a task that
would require great caution if performed completely under manual control.
In such a time-delay situation, it is difficult to touch an object without
producing some overshoot that may knock the object away or without having
to use a move-and-wait strategy with successive motions of decreasing

amplitude that require considerable time.

Consider, once again, the task described in the manual control sec-
tion, Let us further complicate the task by assuming that the task is to
pick up many pegs and deposit them in the same round hole. In a trans-
mission delay environment, this would be an extremely difficult, time-
consuming, and fatiguing task. If we use the decision-response mode of

control, one of the many possible sequences of commands might appear as:
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>BRACE : ABSOLUTE
>DECISION-RESPONSE MODE
@DEFINE BIN

@lF GRAB THEN MOVE TO BIN
@EXIT-DONE

@QUIT
>KNOBS : RELATIVE
>BRACE : ABSOLUTE
>DECISION-RESPONSE MODE
@IF GRAB THEN MOVE TO BIN

@EXIT-DONE

etc.

In the above sequence, the operator initially establishes absolute
arm control via the Rancho brace. He then enters the decision-response
mode of control and manually moves the arm over the box in which the pegs
are to be inserted. Once the arm is in a satisfactory position, he saves
the joint angles via the DEFINE command; thus, he may return to that
position at any time by merely commanding MOVE TO BIN. At this point, the
operator is ready to begin his task, He sets up the reflexive action by
using the GRAB test and the MOVE TO response. The operator then manually
moves the arm to the vicinity of a peg and attempts to pick it up. Once
he has grasped the peg between the tongs of the end effector, the grab
test is passed, and the arm automatically switches to computer control
and moves to the bin. Once the arm has reached the bin, the computer
responds with a done message and the operator quits the decision-response
mode. He then transfers control to the potentiometers in the relative
mode, and he proceeds to insert the peg in the hole, Having inserted the
peg, the operator returns to absolute control from the brace, and the

same sequence is once again initiated to pick up the second peg. This
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sequence may be repeated until all pegs have been picked up; however,

the operator need not redefine the position of the bin each time.

The decision-response mode is clearly advantageous to the operator.
Much of the time spent manually moving the arm may be avoided by estab-
lishing simple reflex actions based on sensory information. The operator
thus assumes more of é supervisory role in remote manipulation tasks,
and much of the fatigue and waiting are considerably reduced, with a con-

current rise in the time available to the operator to plan strategy.

1

{

Gs Algorithmic Remote Manipulation (ARM) Language

If requests for the automatic operations Qescribed in the preceding
section are taken from a list, the list can be considered a program of
motions (an algorithm) to carry out a manipulation task. These programs
can provide such simple features as position memory or path memory, or
they can perform such complicated automatic tasks as unscrewing a nut
from a bolt. A single command specifying that successive commands be
taken from a list of commands can be a very powerful and flexible method

for producing computer-assisted manipulations.

The effective utilization of such a program, however, requires a
means for writing it in an easy-to-use language and a means for assembling
(or generating) a list of arm operations from the statements in the
language. Under the constraint of a small computer system, we simul-
taneously developed the separate concepts of the ARM language, composed
of the assembler and the instruction set* for the automaton controller
previously described. 1In addition, for program control the following

simulated features have been added to the computer controller:

*
Described fully in Appendix H.
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e The 256-word memory, which can be loaded with a list of
instructions by a single command from the remote-control
station.

e The program pointer, containing the address of (or pointing
to) the next instruction to be executed. The address may
be that of the delayed instruction register or any of the
instructions in the 256-word memory. There are instruc-
tions that back up, skip, or specifically set the program
pointer.

ARM is an extension of the MHI or THI language developed by Ernst
(1961) and of MANTRAN developed by Barber (1967), in that manual inputs
from the operator can be used in addition to teletype inputs, Thus, the
operator can move his control brace and request that the arm move to
"this" position or move "this" joint "this' much, where ''this" is a
manually specified quantity that is difficult to verbalize, much less to

quantify as a joint vector for typewriter input.

The task of collecting objects from a table‘and depositing them in
a bin, as illustrated in Figure 9, can be used to demonstrate a simple
ARM program. This is the task of the automatic control experiments

described later in Appendix G. A flow chart analysis for the pickup

GROPE DROP
SA-15687-3

FIGURE 9 MOTIONS OF GROPE AND DROP PROGRAMS
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portion of this task is given in Figure 10. An example of a program
called GROPE (written in ARM), an algorithm for the actions of picking

up an object from a table based on touch information, is given in Table 1,

The entire program is given to an assembler for conversion to a list
of numbers (instructions) for execution by the remote computer. Compiling
is quite straightforward: Values for the various symbols on each line

are simply added together to form the instruction.

Even after the GROPE program of Table 1 has been loaded into the
controller's memory and started, the grasping sequence is not begun until
the bottom of the index finger or thumb of the end effector has been
brought into contact with an object. After the sequence of moves has
been finished, the program returns sm<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>