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Abstract

A computer—controlled teleoperator system which is based on task-
referenced sensor-aided control has been developed to study superviscry mani-
pulation. This system, calle’ SUPERMAN, is capable i performing complicated
tasks in real-time by utilizing the operator for high-level functions related
to the unpredictable portions of a task, while the subordinate machine per-
forms the more well-defined subtaske under human supervison.

To determine whether supervisory control schemes such as these offer any
advantage over manual coatrol under real-time conditiovns, & number of experi-
ments involving both simple and complicated tasks were performed. Six repre-~
sentative tasks were chosen for the study: (1) obtaining a tool from a rack,
(2) returning the tool to the rack, (3) removing a nut; (4) placing samples
in a storage bin, (5) opening and closing a valve, and (6) digging with a
shovel. The experiments were performed under simulated conditions using four
forms of manual control (i.e., switch rate, joystick rate, master-slave posi-
tion control, and master-slave with force feedback), as well as supervisory
control. Through these experiments the effectiveness and quality of control
were evaluated on the basis of the time required to complete each portion of
the task and the type and number of errors which occurred.

Even under the "best" control conditions (i.e., no degraded sensor or
control loops due to time delays, restricted bandwidths, etc.) supervisory
control was found to improve performance for sll forms of manual control
except force-reflecting master-slave which was found to be slightly faster
than supervisory control, b Tore prone to errors. With degraded sensor or
control loops it is fairly predictable that supervisory control will show
even more advantage, through the latter experiments are yet to be done.

1. INTRODUCTION

Teleoperators have traditionally relied on relatively simple and direct
man-machine interfaces .or control. However, with the advent of microcom
puters and advanced sensor techniques it is now possible to design and build
a hierarchical control system in which the operator is responsible for the
higher-level functions related to the unpredictable portions of the task,
while the subordinate machine performs the wore well-defined subtasks under
human supervision. Control based on a supervisor-subordinate relationship
such as this is called "supervisory control" [l]. In general, the human
operator communicates intermitteantly with the computer, and the computer, in
turn and continuously in time, coatrols the sensors and actuators of the
vehicle and manipulator. In essence, the teleoperator system acts as an
autonomous "robot" for short periods while in the pursuit of task goals pre-
viously programmed by the operator or updated on the last :ycle of communica-
tion. This mode of control promises wmore precision for certain tasks, less
susceptibility to failure in the event of communication channel breakdownm,
and greater efficiency than direct human control.
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To investigate the relative merits of supervisory control applied to
teleoperators, a task-referenced sensor-sided supervisory system, called
SUPERMAN, vas built and experiments were performed. This paper will evaluate
those experiments and bv comparison of various conventional control wodes
with supervisory control, demonstrate that supervisory manipulation does
improve performance in the majority of cases.

2. METHOD

Apparatus

The major elements of the SUPERMAN system sre a modified Argonne E2
master-slave manipulator with six degress-of-freadom, a dedicated control
interface (DASI), snd an Interdata 70 cowputer. Designed for efficient man-
machine interaction with both analog and symbolic control inputs, the system
can be commanded by a variety of conventional control sodes as well as super-
visory. In addition, time delay and/or noise can be added for experimental
purposes.

Using both analog and symbolic commands, s manipulation can be taught
and/or demonstrated to the computer. Trained manipulations can be trans-
formed from one coordinate system to another so that once the generic charac-
teristics of a task have been learned, the machine can perform similar tasks
in different locations without further training. When the human operator
requires a particular trained manipulation he simply "initializes" the new
coordinate system relative to the old by moving the teleoperator hand to the
starting point of the task (e.g., grasping a nut or valve handle) and signals
for execution. Certain objects in the task enviromment can, of course, main-
tain their original coordinates. For a complete development of task trans-
formations related to supervisory control see refs. 2 and 3.

Since the manipulator can sense the forces generated during the task,
supervisory programs can call for repeated movements which, upon certain
touch conditions beccming true, branch into other moveuents. For example,
repeated hand movements can grasp a nut, unscrew it by one revolution, pull
back to test whether it is off and, if it is, place it in a bucket or, if it
is not, repeat the operation. Similar supervisory programe have been applied
to attaching a nut to a bolt, opening and closing & valve, scooping dirt and
so on, Purther information on the SUPERMAN syrtem can be found in ~ef. 3.

ane menipulator laboratory was arranged as shown in fig. 1 during the
experiments. To simulace remote conditions the operator viewed the task
enviromment through either a mono or 2-view television system. The video
systcm consisted of two black and white high-resolution 9 in. wonitors, a
fixed camera with wide angle lens, and & zoom camerr with pan & tilt,

Figure 2 shows the manipulator environment and the experimental tasks
designed for this study. The tool rack and sample buckets remained in the
locations shown throughout the experiments since these pieces of equipment
are ususlly rigidly attached to the teleoperator vehicle in real applica-
tions. Also shown in the figure are the movable task hub and task board on
vhich representative tasks such as valves, bolts, etc were mounted. The
location of the task hud and bosrd were changed throughout the study to simu-
late the random task/vehicle relationships which are typical of the arbitrary
environments found in marine and space applications.
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Experimental Design

Six basic tasks were identified for experimental investigatioa:l (1)
tool retrieval; (2) tool return; (3) taking a nut off; (4) grasping an object
and placing it in & container; (3) opening/cloeing a valve; aad (6) digging.
In addition, four manual control modes were delinested as important experi-
mertal paramater-1 (1) switch fixed rate; (2) joystick variable race; (3)
master-slav~ ition control; and (4) master-slave position coatrol with
force reflection. With regerd to the video arrsngement; doth mono and 2-view
corditions were tested for comparison. Due to time conetraints only three
subjects were used for four of the tasks (tool retrievai, tocol returm, nut-
off and sampler), and only one subject was vsed for the remaining two (open/
close valve and digger). Bach experimant was performed 5 times by esch sub-
ject to obtain a setatistical mes and standard deviation. Both wanual and
supervisory control were used.

These conditions result in a total of 1120 experimental runs. Since
thie would require an inordinate amount of time, the experimental load was
reduced to 680 runs by noting that some of the tasks, or portions »f the
tasks, had constant computer execution times (see ref. 3 for details).

Subjects and Training

Three classes of subjects wers used for these experiments, one -experi-
enced, four well trained, and two untrained subjects.

The well trained subjects had an average of 20 hours training givem in
15 minute intervals for each of the control modes. GCenerally, after the sud-
jects practiced for 15 minutes wlith & particular control mode a simulated
task wvas psrformed. When the subjects appeared to show a platesu, experi-
menls wece begun. Since the experiments usually stretched over a period of
several days, the subjects were asked to "reperform”" some of the tasks dus to
a "mistake”. If the subjects showed msrked improvement the tasks were per—
formed agaia until the learning curve levelled off. The Cour trained sub-
jects were given incentives to perform well in the fcrm of bonuses which
would be awvarded to the best combined time and error rates in any comtrol
catigory.

The first author was used as the baseline experienced subject. With
over 200 hours of practice on manipulator systems and intimate koowledge of
the SUPERMAN sye-em, it may be reasonably assumed that the experienced subd-
ject underwent little or no learning. The sxperienced sudbject parformed all
of the tasks without e "warw-up" period.

The untrained ijubjects had a total of 3 hours training time for all con-
trol modes (i.e., 30 minutes per control mode and viewing cundition). The
learning curves of the untrained subjects were oot observed. The only
requirement placed on their training sessions was to insure that each control
mod» was given equal training time. After the 3 one-hour femiliarir~ and

lAlthou;h it may appear that the tool retrieval and return tasks sre simply

the reverse procedure of one another, these tasks do have fundamentally
different rvequirements. To clarify, consider cthat the retrieval task
required the subjects to locate a 7/8 x 3/4 inch t~ol handle with the end
eftector docking plate while the return task required the subjects to mate
two 1/8 inch pins and holes.
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adjustert periods were over tne subjects were allowed 24 houra of rest
and the experiments were begun.

Procedure

The experiments wer® scored on the basis of recorded time and aerrors.
The subjects were not given specific instructions to wimimize either quality,
but only to weigh them equally. Each subject was, however, given a criterion
by which successful completion of the task would b: messured (these criteria
will be specified on the following pages). The experiments were not redone
vhen errors occurred, regardless of the magnitude, unless it was impossible
to proceed with the task (e.g., a collision with an object that blew & ruse,
etc.). The tasks were randomized whenever possibl¢ to negate the effects of
variables which the experimenters were not sware of (e.g., particularly easy
or difficult task positions, short term learning effects, etc.). All tasks
started from a prespecified position so that comparisons of supervisory
initialization times could be made acros’ control modes.

The procedure for each of the representative Lasks vas az icllows:

a) Tool-Retrieval Task - The first task required the subject to start
with the end effector positioned near the task hudb. On the experi-
wenter's sigonal, the subject moved the end effector tc the tool
rack, obtained the tool, being sure it was properly seated in the
hand, and returned .ith the tcel Lo the starting postion. The sub-
jects were told thiat the success or failure of the task was measured
by whether a sclid connection between the tool handle and end effec-
tcr was achieved. Execution of this task under supervisory coatrol
simply involved a button push.

b) Tool-Return Task - For the second task the subject started from a
position next to the task hub with the tool in hand, and on the
experimenter's signal, moved to the rack, replaced the tnol insuring
that it was properly seated, and returned to the initial position.
The operators were told that the success or failure of the task was
determined by whether or not the tool was properly replaced on the
rack. To properly seat the tool on the rack required that both of
the 1/8 inch rack pins were engaged in the handle and that the tool
vas completely pushed onto the pins. This zask was executed under
supervisory control through a simple button push.

¢) Nut-Removal Task - This experiment began with the end effector posi-
tioned over the valve on the task aub. Oun the experimenter's sig-
nal, the subject moved the end effector from the valve to the wmut,
oriented the hand, and removed the nut. The genersl procedure used
by the subjacts and computer was tc turn 1809, pull back to test
if the nut was off, and then eithar reverse 1800 and continue, or
remove the nut. Prior to the tasw, the operators were told that the
task would be considered successfully compisted if the nut could be
removed without losing it. Under supervisory contrel ihe onerator
initialized the task by moving from the starting position to the
aut, orienting the hand with the rotational axis of the nut, and
signaling the computer to remove it.

d) Sampling Task - The fourth task required the subject to pick-up
thirteen randomly placed samples and put them in one of two buckets
according to their size. The subjects were told tha. their success

597



CRIGINAL PAGE 15
OF POOR QUALITY

or failure to complete the task would be measured by how many sem
ples wevre successfully placed in the proper buckets. Under super—
visory control the operator initislized the task by placing the end
effector over the sample and signaling the computer to place it im
the appropriate bucket. The computer veturmed coatrol to the sub-
ject at tha location were the sample was grasped. The operator thea
woved to another sample, initislized, and contimued umtil all 13
samples were in the buckets.

e) Open/Close Valve Test - This experiment required the subject to
position the end effector over the aut on the task hubd, and then, oa
the experimenter's signal, the subject moved to the valve, oriemted
the hand, and opened or closed the valve as required (opening and
closing tasks were switched after each experiment). The subject was
required to coatinue uatil the valve operation was complete. To
initialize this task under supervisory codtrol the operator orieated
the end effector on the rotational axis of the valve and signaled
the computer either to open or close it as required. The computer
checked the rotational torques to determine if the task had bdeen
completed.

f) Digging Task - The finsl task required the subject to remove e spe—
cx!xd amount cf soil from a box by filling a bucket with a shovel.
This task is composed of a number of subtasks: (1) the shovel is
positioned to temcve the soil, (2) the shovel is pushed into the
s0il and lifted out, and (3) the soil is transported to the bducket
and dropped in. The subject was required to coatinue uatil the
bucket was filled. Under supervisory coatrol the positioning of the
shovel wvas performed manually (i.e., the operator decided when and
vhere to dig) while the scooping and dropping actions were executed
by the computer.

J. RESULTS

It has been shown bv a number of investigators that the time required to
perform s task can be attriduted to & oumber of distinctly different
wotions. For exampls, one classification divides the task time for comtrol
with a time delay into segments related to t, transport, and position
wotirns [4]. For a peg-in-the-hole task Hill q; has shown thet thers are
two independent motions which determine “he total task time under mamual com-
trol - gross travel and precision. This paper will use e similar scheme to
describe the task completion time for a supervisory system:

D« Sl S

where
t“. = Task Time

ty = Time required by the human operator to initialize the task.
This time ie primarily a function of the initial hand/task loca-
tions and the manual control mode used to locate the task.

tp = Time required dy _tho computer to perform the task. This time is
primarily a function of the task complexity.

The determination of these times is rather simple due to the discontinmuity in
control which accurs during the trade from manual initialization to computer
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execution (this "discontinuity" is a desired result since trading of coatrol
should be "apparent™ [3,6)).

Figures 3-6 are plots of typical data (see legend below for figure
abbreviations). The data recorded during the supervisory experiments have
been divided into initialization and performance times to indicate the time
spent by each action. Each of the time bars is the result of data averaged
over two trained subjects, except for fig. 6 which is averaged over three
trained subjects. The lines to the left of the manual control btairs give the
range over which the trained subjects performed the task. Fo- comparison,
the aerage time for an inexperienced subject to perform the first three
tasks is also given (demoted by triangles). The mean times of the untrained
subjects were always above the maximum value of the trained siubjects for the
saxe task ard control mode. The lower portion of each figuve (figs. 3Ib~6b)
plots the mean number of errors whic: occurred under sanual and supervisory
control (for a specific breakdowm of tue individual errors see ref. 3).

LEGEND: Key to Abbreviations Used in Text

MS - Master-slave witk force feedback

MS NO FF¥3 - Master-slave without force feedback
JVKC - Joystick variable rate control
SVRC - Switch fixed/variable rate control

4. EVALUATION

Manual Control

Predictably, the task completion time increased with control complexity
for all tasks. Viewing conditions (mono and 2-view) appeared to affect tasks
which required precision wovements (e.g., return tool and nut-off), but had
little or no effect on the less precise tasks (e.g., sampling). In general,
the number of errurs increased as the control complexity incressed from
master-slave tc switch rate. However, for some of the tasks a sharp decrease
in errors was noticed between joystick and switch rate control (e.g., see
figs. Sb and 6b). This effect is attributable to two factors: (1) the
increased attention and care each operator exhibited during switch rate coo-
trol wodes (i.e, to move from point A to point B requires considersble
thought and effort with switch rate control, but under joystick control the
desired movement only requires a push on the stick), and (2) the coincidental
matching of the task degrees of freedom and control degrees of freedom (e.g.,
in the valve or nut-off tasks the axis of rotation corresponded with the hand
axis of rotation).

Table 1 gives the ratio of task completion times for each control wode
with respect to the "best" control case, master-slave with force feedback.
The ratios are given for each subject, task and viewing condition. The
untrained subjects are denoted by Ul and U2, the trained subjects are denoted
by T1, T2, T3 and T4, and the experienced subject is denoted by El. The
table shows a number of interesting trends: (1) the ratios increase with
increasing control complexity, (2) the ratios are approximately constant
across subjects (both trained and untrained) within a given task, (3) the
ratios are constant across viewing conditions, and (4) the ratios are not
constant across tssks (the tasks have been arranged in the table so that the
catio increases as the page is read from top to bottom). A number of other
irvestigators have found similar trends [7,8,9,10].
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represents the average error rate of three trained

subjects for 13

sampling actionms.

Possible ervors

included collisions, nissed buckets, lost samples,
and (under supervisory control) pressing the wrong

button.
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Table 1: Ratio of Time to Perform Task Under Given Control Mode to Time
to Perform Task Under Master-Slave vith Force Feedback (QI/MS).

1-viEw 2-v1Ew
L]

ms | worrm | gvee | svac m v | ome [ svc
M 1a | v I B Y) 1.0 1 e | 39 Ja
1o |1 22 | a3 1.0 1.3 20 | «a In
bl 1o | 1a 22 | 33 1.0 122 12 | as |o
1.0 1.3 . 3.9 o 1.4 . 4.2 u2
weLer 1o | T EE 1.0 1 20 | aa In2
3-DOF 1.0 1.0 2.8 5.3 r.0 1.0 2.5 s.1 T3
1.0 1.0 2.4 47 1.0 1.1 2.6 4.9 11

SCOOPER

o o | 19 s | 1.2 19 | e e
. 0 | o1 16 [wr o 1.2 16 | 120 |
e 10 | 1 21 |2z | i 13 27 | u: e
1.0 1.4 hd 9.0 1.0 1.4 h 9.7 ul
&r-Ton 1o | 18 |0 | e 1.2 13 | e e
6-00F 10 | 1 24 |30 | 10 1.2 26 | 12 |
1 | e : 81 | 13 8 nwa

Supervisory Control

As would be expected, the time required by the computer to perform its
portion of the task remained fixed regardless of the manual control mode from
vhich tke humsn operator issued the execution command. Aleo, since the only
action required of the operator to initiate the tool-retrieval and retum
tasks was & button push, "he adsence of initialization times in figs. 3a and
4a vas not surprising. The remaining tasks, including those not shown in
this paper, had initialization times asjociated with the overall task time.
As seen in figs. 5 and 6 the iritialization times increased with control
complaxity.

{ible 2 gives the ratios of the task completion times under manual
contro) to the times under supervisory control. The ratios are given for
sach wudjec?, task and viewing condition. The rstios relative to computer
contyrl (Tab.x 2) do not show the same trends as those relatve to master-
slav: conecro' (Table 1). It is interesting to note that in contrast tc the
coraistent ratios of Tsble 1, the computer control ratios of the untrained
sul ects ate significantly higher than the trsined subjects: clearly,
untrained subjects ;ain more from supervisory coantrol than trained subjects.
Gains from supervisory control for any manual mode are seen to be most signi-
ficant for tasks which do not require initialization procedures other than a
dbutton push (i.e., tool-retrieval and tool-return). The control mode columns
clearly indicate the results of the SUPERMAN experiments: (1) master-slave
with force feedback rarely benefits from supervisory control, (2) master-
slave without force feedback can profit from supervisory comntrol in tasks
which require force feedback, and (3} both forms of rate.control cau be aided
by supervisory routines regardless of the task.
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Table 2: Ratio of Time to Perform Task Under Manual Control to Time to
Perform Task Under Supervisory Control (MC/SC).
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"
m  lao e | JvRC | svec s o Fre | VR SVRC
VALVE

1-00F 1 1.3 12 23 0.8 0.9 1 20 |1
) 1.0 1.2 1.6 2.0 0.8 1 1.2 20 In
wr-oFF 0.9 1.2 1.8 1.5 0.8 0.9 1 19 | e
2-20 15 1.9 . 2. 11 1.5 . 20 Ju2
0.7 c.7 12 1.8 0.8 0.8 1.3 19 [
SANPLER 0.7 0.7 12 1.6 0.7 0.7 1.3 17 In
1-00F 06 06 12 17 0.7 0.7 13 18 { &
S 0s | 0.6 19 | 48 n.s 06 | 1.9 w |
0.9 1.0 1.2 94 0.9 1.0 3.0 10.6 | T8
R T o0 1 15 28 |28 0.9 1 23 na e
6- 1o 2.6 . 16.9 17 2.8 . 163 ful
0.8 0.9 3.2 | w8 1.0 1.2 1.2 na tw
r.gr;trn 1.0 1.3 23 |25 0.9 1 2.4 124 | &1
- V.8 2.6 . 15.3 1.4 1.7 . I )

In all cases the error rates for supervisory control were less than man-
ual control. However, an interesting error was noted during the sampling
experiments - occassionally the subjects pressed an incorrect button sending
the sample to the wrong bucket.

5. DISCUSSION

Theoretically there is no reason why master-slave with force feedback
should be any faster than supervisory control. Consider that the computer
could simply mimic the human operator’'s best trajectory, and hence, be at
least as fast. Unfortunately, in practice there is always a certain overhead
associated with retransformation of coordinates, trajectory calculations and
seasor logic. Alsc, it was generally observed that the sudjects were making
adaptive, orchestrated motions, whereas the computer was limited to more
rigidly defined trajectories and states. 1In light of these observations it
can be said that the faster master-slave times make wore of a statement about
the direction that future studies dealing with supervisory control should
take than they do about its potential in teleoperator systems.

Although the experiments were not designed to measure the effectiveness
of supervisory control during extended periods of manipulation, an interest-
ing observation was made after the experiments had been completed - the man—
ual experiments had been performed with rest periods between each run because
the subjects complained of fatigue and boredom, wvhile the supervisory experi-
ments had been unintentionally run back-to-back since fatigue and boredom
were not noted. From thes: observations it could be surmised that as s task
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becomes more involved and complex, boredom and fatigue will become increas-
ingly important factors, tipping the scales even further in favor of super-
visory control. However, experiments to validate this statement have yet to
be performed.

6. CONCLUSION

Even under "ideal" control conditions supervisory comtrol was found to
be more efficient and effective (as determined from the task completion times
and wmanipulation errors) than switch rate control, joystick rate control, and
master-slave position control. Bilateral force-reflecting master-slave was
found to be slightly faster than supervisory comtrol, but more prone to
errors. Since the experiments were performed under "ideal" conditions, it
can be reasonably predicted that supervisory control will shcs even wmore
sdvantage when used with degraded sensor or control loops (e.g., time delays,
limited bandwidth, etc.), though the latter experiments remain to be done.
In addition, an a posteriori observation of the experimental procedure
appears to indicate that the effects of operator fatigue and boredom during
extended periods of manipulation can be significantly reduced through super-
visory coutrol.
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