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ABSTRACT 

The use of roving lunar vehicles controlled from Earth is 
being given consideration. Such vehicles could perforin a 
number of useful missions both prior to and after manned 
landings. However, due to the transmission time delay of 
about I.25 sec on each leg of the Earth-moon control loop, 
both remote driving and manipulation tasks are more difficult 
than similar tasks performed on Earth. The nature and effect 
of time delays of this size on control are discussed. A 
display and control concept intended to compensate for the 
delays in the loop is described. This concept uses predictive 
displays and is based on existing technical capability. It is 
described for the lunar mission but may also be applicable to 
other missions at interplanetary distances. 

INTRODUCTION 

Before sending the first manned vehicle to the moon, NASA 
plans to send a number of unmanned vehicles whose mission 
will be to report the conditions and features present on the 
lunar surface. One or more of these vehicles will probably 
be a remotely controlled roving lunar device. This vehicle 
could perform a variety of missions, ranging from basic 
exploration through preparation of landing sites for the 
Apollo manned ship and construction of site facilities. Such 
missions would be controlled by an operator on Earth. 

Such remotely controlled lunar vehicles could contribute 
significantly in the preparation for a manned expedition. 
They may provide the first detailed exploration and analysis 
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capability of sizeable areas of the lunar surface - a necessary 
prerequisite to manned flights. Being mobile, lunar vehicles 
can be sent to the intended landing area of a manned flight in 
order to examine the area and prepare it for landing, if 
necessary. The vehicles could erect shelters for the manned 
flight personnel, or they may be able to excavate some form 
of underground shelter. The vehicles could also supply trans-
portation, remote-control capability, and emergency life 
support capability for the manned flight after it arrives. 
Remotely controlled lunar vehicles may provide an indispensable 
link between unmanned and manned lunar missions. 

The problems of remote driving a lunar vehicle and con-
trolling any external manipulators on a construction job are 
similar in many ways to remote-control operations performed 
on Earth, particularly in the handling of radioactive 
materials. A great deal of progress has been achieved in the 
last few years in the field of remote control, but some 
problems remain. Many of these problems are related to the 
display aspect of the control situation. Where direct vision 
is not possible, television is usually considered as the best 
substitute. In an Air Force symposium in 1961 (7)^^many of the 
problems were discussed and solutions proposed. A lunar 
mission, however, poses problems not found in any terrestial 
remote operations. 

In present operations, the response of the remote equip-
ment occurs almost immediately upon command. The time delay 
in transmitting instructions is small enough to be nearly or 
completely imperceptible to the operator. If a command were 
given to a radio-controlled remote mechanism located some 
12,500 miles from the operator (or half way around the world) 
and if the results were observed over a TV loop, it would 
take only slightly over 0.1 sec (about 130 msec) from the time 
the command was given until the results were shown on the TV 
monitor. This short interval would probably be unnoticed by 
the operator in most cases and would have only a slight effect 
on his performance. The study by Wallach (9) indicates that 
control delays of up to 1 sec do not cause excessive perfor-
mance decrements in some situations. Display delays of this 
duration have not been studied sufficiently to permit more 
complete evaluation. However, if a vehicle is on the moon, 
the radio transmission distance and the transmission time 
delay involved are 20 times as great as the 130-msec delay in 

^Numbers in parentheses indicate References at end of paper. 
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the example, and the effects of the delay become highly 
important. 

EFFECTS OF DELAY 

Transmission Delay 

The Earth-moon distance is roughly 250,000 miles, and light 
or radio energy requires over 1.25 sec to travel that distance. 
(The exact figures, of course, vary with the exact Earth-moon 
relationship at the time.) What this means in terms of con-
trolling a vehicle on the moon from Earth can be illustrated 
by the analogy of driving a car (see Fig. l). Suppose that an 
operator is driving down the road at 30 mph in a specially 
built car. Instead of a windshield, there is a large TV 
screen, which displays the road to the driver as if he were 
looking directly ahead. This" picture, however, doesn't show 
where he is but rather where he was 1.25 sec before. At 30 
mph, the car will be about 55 ft ahead of the point indicated 
by the picture. The car has conventional controls, except 
that, when the wheel is turned or the brake is applied, it 
takes I.25 sec (and 55 it of travel) before the controls 
respond. Under these conditions, the driver now approaches 
a sharp turn. 

This is the situation that exists in the remote control of 
a lunar vehicle. Fig. 2 showsv

the basic control loop. The 
vehicle operator cannot see the vehicle's present position 
but only where it was 1.25 sec ago. Furthermore, any control 
corrections he makes will not affect the vehicle until 1.25 
sec later. Driving a lunar vehicle under these circumstances 
will obviously be difficult and will of course be performed 
at a slower speed than 30 mph. Vehicle control on either 
Earth or the moon is a complex tracking task, and the results 
of some tracking studies may be examined to obtain an idea of 
what may occur. 

Two types of time delay have been used in studies of track-
ing (see Fig. 3 ) . Exponential delays follow a logarithmic or 
exponential curve usually l/t log e or e

x
, with the control 

change starting immediately and reaching 63$ of the total 
change after the nominal delay interval. This type of delay 
results in an output that is an exponential function of the 
input. A transmission delay has an output that is an exact 
replica of the input, but no change occurs in the system 
until the delay interval is over. This transmission delay is 
the prime concern of this paper. 

A number of studies have been performed using transmission 

591 



R. A. NEWMAN 

delay of the display or control. The delay times have ranged 
from a few milliseconds to several seconds. The exact results 
vary considerably, much of the variance resulting from the 
specific experimental conditions. However, the general trend 
is the same in all cases. Operator performance (in terms of 
such measures as time-on-target and the total time-integrated 
error) becomes less satisfactory as the transmission delay in-
creases. Warrick (6) found the decrease in time on target to 
be a log linear function of increasing time delay. He dealt, 
however, only with delays of up to 320 msec. Wallach (9) used 
a somewhat different measure and found that a roughly similar 
relationship existed for time delays of up to 5 sec. Generally, 
these and other studies have indicated that, for a transmission 
time delay of the size to be encountered in remote lunar opera-
tions, control performance is considerably below that for 
tracking without delays in the same tracking task. Although 
the various authors have avoided direct comparisons of studies 
(owing to differences in procedures and equipment), there is 
significant consistency in their results. Logarithmic change 
in performance with linearly increasing delay is a surprisingly 
good fit for many of the data. This fit appears to be better 
for measures of cumulative error than for time-on-target 
measures, but, because of the sparseness of the data, one 
cannot generalize too far. A logarithmic response to linearly 
spaced stimuli is often found in psychophysical studies. Its 
reverse (linear responses to logarithmically spaced stimuli) 
is also found. Another point of consideration is the 
possibility that the slopes of the error (or time-on-target) 
curves are different for time delays in the control and dis-
play sides of the tracking loop. More evidence will be 
required to determine the exact relationships. 

Of considerable interest are the studies performed by 
VanBergeijk and David (2) on delayed visual feedback of hand-
writing, a complex operation that requires considerable hand-
eye coordination. Dealing with delays of up to 520 msec, 
they found that both the error rate and the time required to 
write the words increased with the size of delay. This study 
shows considerable analogy to the effect of delayed auditory-
fee dback on speech. Proper manipulation of the time relation-
ships of speech and its auditory feedback can cause stammering, 
stuttering, and a complete breakdown of normal speech. Another 
study by Smith, McCrary, and Smith (3) using a different 
technique and the writing of nonsense syllables, figure 
drawing, and the tracking of mazes and stars had much the same 
results. They used a 520-msec delay with a video tape loop. 
Time to complete a task was increased by a factor of 10 with 
delayed TV feedback. There were some interesting analogies 
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in the errors present in the nonsense syllable and word 
writing to errors found in auditory delayed feedback. Both 
the duplication of letters and the insertion of letters are 
found; in effect, they are a form of graphic stuttering and 
stammering. Some of their results are shown in Fig. h. 

Since driving a vehicle is a complex hand-eye operation, 
these data may be of considerable direct significance. In 
particular, if the analogy to auditory interference holds, 
then there may be some time delay that provides maximum inter-
ference with hand-eye coordination. VanBergeijk and David (2) 
feel that, if there is a maximum interference delay, it is 
longer than the 520-msec delay they used. If this is correct, 
and if the optimal interference delay is on the order of the 
lunar transmission delay, the effect could be extremely 
serious. Even if the maximum interference occurs at an in-
terval shorter or longer than the lunar transmission delay, 
the interference effects will probably be present to a con-
siderable degree. If there is no maximum, an increasing 
degree of interference with increasing delay may be encountered. 
How serious the hand-eye coordination problem will be can only 
be tested by a valid simulation or in actual operation. As 
yet, no full simulation has been performed which was able to 
supply data as to this or other operator problems in remote 
lunar vehicle control. 

Some partial simulations have been performed. Most were 
intended to test vehicle dynamics on a simulated lunar surface 
and were not designed to deal with operator problems. One 
simulation, however, is of considerable interest. This is a 
recently completed study performed for NASA by Adams of 
Stanford University (8). This was a two-phase study to 
determine the effect of time delay in transmission on control 
of a vehicle. The first part was a computer simulation, and 
the second was an actual vehicle-control task. 

The first phase of the computer study was an attempt to 
simulate operation with full forward vision. Two vertical 
lines on an oscilloscope were used as the display. One was 
driven by the problem (forcing function), and the other was 
delayed feedback of the vehicle position. The subjects did 
not attempt to match the two lines but were to maintain 
minimum error between the problem and the real time position -of 
the vehicle. This was called Type 1 tracking. 

The second phase of the computer study was intended to 
simulate a complete lack of forward vision. In this condition, 
the subject was attempting to match the two traces. This was 
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called Type II tracking. The two conditions were intended to 
place upper and lower limits on the performance of the subject. 

The forcing function used was the sum of four sine waves 
that were not in integral harmonic relationship to each other. 
The full speed situation corresponded to the sum of the four 
sine waves, or about 0.7 cps. Speeds of l /2 , l /4, l /8, and 
l / l6 of full speed were also used. Two operators were given 
training at each speed. Transmission delays used were 0, 0.25, 
O . 5 , 1, l-5j 2, 3, and. 6 sec. These delays were all lumped at 
one point in the control loop. 

Whether the Type I and Type II conditions actually repre-
sented the viewing conditions indicated is open to question, 
particularly in regard as to whether they actually simulated 
these conditions for a TV display. However, this study, 
taken by itself, can still supply useful data. It confirms 
the essentially log-linear relationship between error and time 
delay and extends it to much longer time intervals. Although 
the oscilloscope velocities cannot be converted directly into 
miles per hour in terms of vehicle control, the fact is that 
time on target (TOT) scores were quite low, and time-inte-
grated error scores were extremely high for the faster velo-
cities. Typical results are shown in Figs. 5 and 6. With 
speeds of l / l6 maximum (about 0.05 cps), it was possible to 
maintain TOT scores of up to 80$ or 9°$> with a 3-sec delay. 
This would indicate that, to maintain this TOT level, vehicle 
speed would have to be maintained at a low enough level to 
prevent the vehicle disturbances resulting from lunar surface 
conditions and other factors from exceeding a frequency of 
about 1 cycle/l0 sec 

In the vehicle phase of the study, two configurations were 
used. First, a four-wheel steering "crab" configuration was 
used, providing a velocity control. Second, a two-wheel 
automobile steering configuration was used, providing an 
acceleration control situation. 

The highest vehicle speed used was 2.7 fps, or about 1.8 
mph. The vehicle was run on both an obstacle course and in 
a path-following task. At time delays of 2 and 3 sec, it 
was necessary to drop the vehicle speed to much lower values 
in order to maintain any reasonable time on target score. For 
example, under one condition of test - 3sec delay - the TOT 
score was only 8θ$> for a vehicle speed of 0.9 fps, or slightly 
over 1/2 mph. At this same 0.9 fps speed, it was possible to 
avoid hitting obstacles in the obstacle course on only slightly 
over half the trials. This was in the "crab" configuration, 
which was a consistently better performer than two-wheel 
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steering. In the same test, for example, the two-wheel 
steering TOT score was only 6θ$. 

A further point is that, even with high TOT scores, vehicle 
control may not he satisfactory. The maximum error amplitude 
must also he controlled. It only takes a single error that 
exceeds vehicle performance capability to result in the hitting 
of an obstacle and/or the overturning of the vehicle with 
possible failure of the mission as a result. 

Although this study is of considerable interest, it has 
some important features in which it differs from a full lunar 
vehicle simulation. First, it was run on a flat surface^ a 
parking lot. Therefore, the perturbations due to the lunar 
surface were absent. Second, the TV presentation was apparently 
of high quality and without the high noise level conditions 
that may be present in actual operation. Third, it was a TV 
system with a standard 30 frame/sec rate, which reduced 
the total delay time of the loop over a lunar control 
situation using a slow frame rate TV system. Lighting con-
ditions were not of the high-contrast type anticipated on the 
lunar surface, and all obstacles were plainly visible on the 
TV monitor if within the field of view. All of these conditions 
might reasonably be expected to provide better operating con-
ditions than can be anticipated in actual lunar missions. In 
particular, the better lighting and display almost certainly 
reduced the decision time required prior to performing a 
control movement. This aspect will be discussed more fully 
in the sections on display and operator delay factors. 

On the other hand, two simulation parameters were working 
against good operator control. First was the TV camera, which 
apparently had an optical field of view angle that was too 
narrow for the task. The horizontal field of view is estimated 
as about , although the report does not give a specific 
figure. This condition made it difficult to see far ahead of 
the vehicle and to see enough to one side during turns. 

The second factor was that the operator had no control over 
vehicle speed and did not have the capability to stop the 
vehicle during a run. This capability should be basic in an 
operational system. Together, these factors mitigate strongly 
against good vehicle control. 

The data in this report do not permit any estimate of the 
magnitude of the effect of these various factors. Other 
studies will be required to determine how important they are. 
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Display Lag 

Up to this point, only the delay due to the actual Earth-
moon transmission time has "been considered. Present indica-
tions are that power limitations will result in an additional 
time delay. This will be the result of using slow-frame TV to 
conserve transmission bandwidth and power. One suggested rate 
is 1 frame/sec. With such a system, a full second must be 
added to the effective delay in the control loop. Although 
at the time the TV frame is first written, it adds no additional 
delay, it does add a full second just prior to being replaced 
by the next frame. In other words, the time delay due to 
display updating of less than the visual flicker-fusion 
frequency adds a regularly varying delay to the loop. 

The effect of a variable delay on operator performance may 
not be the same as the effect of the constant transmission 
delays. Its effect may be more closely related to those of 
exponential delays or may be somewhere in between. In any 
event, the additional delay will probably tend to decrease 
performance. 

Studies such as that by Levine (lO) have shown performance 
decrements in time on target scores with increasing length of 
exponential lag. This relationship appears to be fairly 
linear. That is, the error increases, and the TOT decreases 
approximately as a linear function of the length of the 
exponential delay. Additionally, Garvey, Sweeney, and 
Birmingham {h) interpreted their results as showing that an 
exponential display lag results in considerably higher error 
rates than a similar control lag. These findings may be 
applicable to the problem of remote lunar control. Because 
of the complex viewing situation, a simple computer simulation 
will not be adequate. A simulation using sampled TV will be 
necessary. Selection of a TV frame rate to provide adequate 
viewing with minimal delay effect will require considerable 
effort. 

Operator Time Delays 

The operator response delays in tracking have been well 
documented. McRuer and Krendel 1 (Ref. 5> section IX) break 
them into neuromuscular and reaction time delays and list a 
number of human transfer functions for compensatory tasks 
using these delays. A commonly used operator transfer function 
is the quasilinear model, in which there is a linear transfer 
equation and a "noise" component that is intended to account 
for the performance data that are not adequately described by 
the linear part of the model. In some situations, the quasi-
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linear model is sufficiently accurate; however, it has been 
shown that the human operator is capable of modifying his 
transfer function to fit the situation and that the transfer 
function may not be linear. In view of the complexity and 
variability of the lunar control situation, an a priori 
assumption of a linear transfer function does not seem justified. 

The basic physiological delays set limits on the speed with 
which operators can respond. It is generally found that forcing 
functions with frequency components in excess of 1 cps are 
quite difficult to track. As mentioned earlier, the Stanford 
study (8) indicated that, with long transmission delays, the 
maximum forcing function frequency that can be tolerated is 
considerably lower. 

In addition to these operator delays, the conditions of the 
lunar operation will impose another delay that will be present 
in the circuit on an intermittent basis. This is the decision, 
or "Where do we go from here?" delay. In an unknown environ-
ment, with unknown risks and surface conditions, the operator 
will often have to make very difficult decisions as to vehicle 
course. These decisions will require varying times as the 
operator predicts future positions and hazards on the basis of 
delayed position data. Such decision delays will require from 
a fraction of a second to many seconds or minutes. For the 
longer decision delays, it will almost certainly be necessary 
to stop the vehicle while the possible courses are evaluated. 
In such cases, the delay might not be considered as directly 
in the control loop, but its influence on average vehicle 
speed and the overall vehicle mission are evident. 

Vehicle Delay 

The dynamics of the vehicle and the control techniques 
employed will also introduce a small but important delay in 
the control loop. The importance of proper selection of 
vehicle dynamics and means of control is indicated in simulator 
studies performed at Bendix (ll) as well as the Stanford Study 
(8) by the consistent differences in performance between an 
all-steerable wheel vehicle and a front-wheel steering vehicle. 
The type of control used has been shown to have substantial 
effect on steering performance, and results of the Bendix 
Study (ll) have shown that controller techniques must be 
matched to the vehicle steering dynamics. Full consideration 
of the vehicle dynamics problem is not possible in this paper, 
but its presence and importance should be indicated. 

597 



R. A. NEWMAN 

Time Lag Summary 

At this point, a short summary of the time delays in the 
loop appears worthwhile. One must deal first of all with an 
irreducible transmission delay of over 1.25 sec in each 
direction between the Earth and moon. Added to this is a 
possible variable delay if slow frame TV is used for the dis-
play. Its effect is negligible if one exceeds the visual 
flicker-fusion threshold, but its importance increases as the 
frame rate decreases. This may add as much as a full second 
to the time differential between camera exposure and display. 
Added to this are the relatively short response lags of the 
human operator, lasting less than a second, and the decision 
time delays that occur intermittently but which may last for 
long periods. Finally, there are the vehicle response dyna-
mics, which, although of short duration, may be very important. 
In short, the total time delay in the loop may exceed the 
basic transmission delay of about 2.5 sec by anywhere from a 
fraction of a second to several seconds. These delays are 
shown in the control loop in Fig. 7· 

APPROACH TO SOLVING THE PROBLEM 

General Considerations 

In the preceding sections, the effects of transmission, 
display, operator, and vehicle delays in the operation of a 
lunar vehicle from Earth have been examined. Although the 
effects of the delays were described primarily in terms of 
vehicle motion, the problems are quite similar in the control 
of manipulators on the vehicle for site construction or other 
work. 

The basic transmission time between the Earth and moon 
cannot be reduced, nor can the basic psychophysical response 
of the operator be changed. The remaining varibles, display 
and vehicle designs, should be optimized to result in the 
least possible operational difficulty. The transmission delay 
cannot be changed, but one can design around it to compensate 
for the difficulties. Furthermore, the vehicle missions and 
operations may be so arranged that the delay effects are 
minimized or obviated. Finally, the controls and displays may 
be designed to take the human operator into account. The types 
of solutions required and available are fairly straightforward 
in some areas. Where compensation for the transmission delay 
is involved, work must be conducted in an area that is largely 
unexplored. 
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The basic requirement is for some means of predicting the 
future position of the vehicle or its manipulators in order to 
permit the operator to control at the time of vehicle response 
rather than at the displayed position. Such prediction must 
take into account the instructions given the vehicle by the 
control loop, as well as the actual response due to vehicle 
dynamics, and perturbations in the vehicle course caused by 
surface irregularities or other conditions. 

A number of studies have been performed in the past few 
years on the use of predictive displays. These predictive 
devices use a fast-time analog simulation of the controlled 
system to predict the future condition of the system on the 
basis of the last control operation and the system condition 
at the time of the control operation. The predicted system 
condition is computed on the assumption that no further control 
operation will be performed. These data are displayed to the 
operator, who can change the control settings if the prediction 
(based on the no-control-change assumption) indicates that the 
system will go out of tolerance. Using one- and two-dimensional 
displays (pointers and "graphic" oscilloscope readouts), some 
success has been achieved. Two-dimensional perspective displays 
have been proposed, but such displays involve significant 
difficulties. Considerably more information is required to 
display a three-dimensional display than is needed for a simple 
two-dimensional display. 

Where remote lunar operations are involved, this is an 
important problem. For driving tasks, a two-dimensional x, 
y prediction should be satisfactory, with TV providing data 
as to the height of objects in front of the vehicle. For 
manipulator control, this may not be adequate. Wo data were 
available to the writer as to error magnitude in the predictive 
systems that have been built. In lunar operation, error magni-
tude may be of critical importance. Further, with the possible 
presence of surface perturbations and other disturbing factors, 
the computation of probability lines for position (rather than 
a single point) may be the best answer to the display. It may 
also be desirable to use a history of vehicle condition as the 
prediction base rather than just its condition at the given 
instant. Doing this may smooth excessively small perturbations 
and provide a better trend line for vehicle motion. Fig. 8 
shows a simple prediction loop. 

From the predictive display studies and from such studies 
as that by Leonard (l), it is known that advance information 
can improve human performance. However, much work remains to 
be done to develop a workable lunar control prediction system. 
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Some general design concepts that may be applicable are pre-
sented in the following four sections. 

Display Design Concept 

If continuous vehicle movement across the lunar surface is 
considered, a situation exists in which one can never see the 
present vehicle position, and in which the effects of control 
action are not visible until after they have occurred. If the 
vehicle followed a well-defined path and was not subject to 
any external forces, it would be possible to predict position 
fairly easily on the basis of vehicle velocity and direction. 
At constant velocity, the vehicle would remain a fixed distance 
ahead of its displayed position, and, by controlling an in-
dicator of this advance position rather than the vehicle 
position, it should not be too difficult to remain on the 
path. The problems encountered in the Stanford study in the 
following of a path by the vehicle were largely in the display-
velocity ratio. That is, the distance visible along the path 
was not sufficient at the given velocity. 

Although it is true that there are no prepared paths to 
follow on the moon and that there will be perturbation due 
to the surface, there may well be ways of adequately controll-
ing the vehicle in this situation. Some specific requirements 
would have to be met to do this. First, vehicle speed would 
have to be matched to the TV camera (or vice versa) so that 
sufficient forward viewing distance is possible. Second, a 
number of TV requirements must be met in terms of resolution, 
viewing angle, and frame rate. Third, distance estimation 
using TV may not be adequate. This is especially true of 
monocular TV but may also be true of the best stereo TV as a 
result of light conditions and the unfamiliar surface. A 
separate ranging device may be required; high-resolution 
radar (possibly optical) is a likely choice. Fourth, inputs 
from the vehicle indicating its attitude in relation to the 
horizontal are required to indicate slopes that may not be 
visually discriminable. Fifth, a computer prediction of 
probable position is needed, based on heading, velocity, 
attitude, and immediate prehistory of perturbation of move-
ment from instructions sent to the vehicle. In addition to 
these requirements, some assumptions must be made. These 
include vehicle dynamics that permit rapid stopping and 
turning, visual conditions that permit observation of crevices 
or other obstacles that may not show well on radar at sufficient 
distances to permit stopping in time, and a stable vehicle that 
will not easily be put out of commission by errors in operation. 
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Given these conditions, displays and controls may be 
developed which will permit fairly continuous movement of the 
vehicle. Both TV and radar presentations should be included. 
Calibration of the displays should permit rapid correlation 
of the radar and video data. If the effective radar range is 
longer than the useful video range (despite the probable 
absence of atmospheric attenuation of light), the video limits 
should be marked on the radar. If the video range is greater, 
then the radar limits should be marked. This will aid in 
rapid visual correlation of the two displays. Vehicle attitude 
should also be displayed. 

In addition to the basic range and TV data, the operator 
will require predictive position data. Since perturbations 
will be present in the operation of the vehicle, it will not 
be possible to predict the exact position of the vehicle. 
However, based on the immediate prehistory of vehicle command, 
position, and perturbation, lines of probable position can 
be computed and displayed. These are desirable on both the 
radar and video displays, but the perspective problems of 
superposition of these data on a video picture may be more of 
a problem and may not add sufficient capability to be worth 
development. It is not, however, beyond present technology. 
It is the point of highest predicted probability that the 
operator will control rather than the vehicle position. One 
possible display design that may meet these requirements is 
shown in Fig. 9· Sufficient prediction accuracy will be 
necessary to permit control even if the vehicle is not at the 
point of maximum probability. 

This concept may alleviate the effects of transmission 
delay, but it does not completely deal with the display lags 
discussed earlier. An excessively slow frame rate may decrease 
any benefits from such a display considerably by increasing 
the time differential between position and display and by 
introducing a variable delay factor. 

Control Design Concept 

Controls for the remote lunar vehicle operation would include 
those for vehicle speed and heading. Whether they would be 
position, velocity, or acceleration controls has not yet been 
completely determined. However, they will have to be fairly 
fine grain to insure adequate capability. A separate set of 
controls will be required for manipulator operation, with 
characteristics determined by manipulator design. 

The driving control concept is for continuous vehicle motion. 
This condition may occur after the vehicle has been in operation 
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for a period of time on the moon and the operators have gained 
experience. During the initial operations, the risks involved 
in continuous movement may "well be excessive. Surface con-
ditions will still be largely unknown. Decision delays may 
often be of considerable duration. Under these circumstances, 
a different mode of operation is desirable. 

This is a discrete movement mode, generally performed at 
slower speeds than in a continuous operation. Effectively, 
this will be a sequence of: look around, decide on a short run, 
make short slow run, stop, and look around. At first it would 
be performed cautiously with minimum vehicle speeds, minimum 
run distances, and, hopefully, minimum risk. As conditions 
become more adequately understood and experience is gained, 
decision delay time should be reduced, and vehicle speed and 
run length can be increased. In other words, the continuous 
operation is gradually approached. This does not mean that 
this vehicle will eventually be driven at 50 or 6θ mph over the 
surface of the moon. It may mean that speeds of 5 "to 10 mph 
can occasionally be used if surface conditions permit. Such 
a speed will be considerably above any successfully obtained 
up to the present in simulation studies. 

Manipulators 

Control of external manipulators will involve many of the 
same problems as driving. The basic problem of transmission 
delay time remains unchanged, and the slow frame TV effects 
are also present. However, the problem of using manipulators 
is even more complex than the problem of vehicle driving. 

First, the use of manipulators is usually a higher dimen-
sion task than driving. In driving, the control function is 
involved primarily with changes in heading azimuth and vehicle 
velocity, and the whole vehicle responds to commands as a 
unit, with relatively constant characteristics (excluding ex-
ternal perturbations). With manipulators, such variables as 
control of the height dimension, variable force application, 
rotation (as a wrist, elbow, or shoulder joint), and grasping 
movements of a hand or other tool control movement must be 
considered, in addition to the azimuth and velocity variables. 
These manipulator movements must often be coordinated in more 
difficult tasks. The effects of a transmission delay on a 
coordinated task under these conditions may be indicated by 
the studies of VanBergeijk and David ( 2 ) and Smith, McCrary^ 
and Smith (3) on the effects of delayed visual feedback of 
handwriting. To maintain any accuracy (in these experiments 
it shows as legibility), it was necessary to slow the coordina-
tion task to a low rate. The reports do not indicate whether 
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the instructions permitted discrete movements. However, use 
of a discrete mode might easily reduce error but at the cost 
of additional time. 

Studies (referenced by Pigg in Ref. 6) have indicated that 
even for master-slave manipulators, which provide considerably 
more feedback than is possible with remote lunar manipulators, 
task performance is 6 to 10 times slower than direct manual 
task performance. The remote lunar manipulators will probably 
lack the kinaesthetic and tactile cues of master-slave manipula-
tors, and additional slowing of operation due to the time delay 
effects will probably result in even slower operation speeds. 

On the other hand, absence of tactile and kinaesthetic 
cues may be advantageous in the lunar situation. If a pre-
dictive display is found to be usable for manipulation control, 
the operator will be attempting to control visually at a 
point in time which differs from the time of the kinaesthetic 
cue. The result would be a conflict between the visual and 
kinaesthetic cues. Just such a conflict is almost certainly 
the cause of some of the difficulties experienced by the 
subjects in the handwriting experiments. The prime kinaesthetic 
cue of the master-slave device is the reflecting of resistance 
to movement of the slave manipulator back to the master con-
trol. Although it would be possible to instrument the lunar 
manipulators to measure and transmit such resistance data, 
the benefits to be derived are probably not worth the added 
complexity. 

The display problem for manipulators is complex. First is 
the time delay effect of a slow frame system, if used. 
Further, the technique of obtaining three-dimensional depth 
data by a separate radar display is not adequate here, due to 
the scale of operation, where distances of inches and less 
must be adequately estimated. The capabilities of three-
dimensional television for manipulator viewing is open to 
question. Depending on which article one reads, three-
dimensional television either is or is not the answer to the 
problem. Since results with this type of display seem highly 
dependent on the specific conditions of the test, a good 
simulation is probably the only way to determine the answer 
for lunar use. 

The data presently available are too sparse to permit a 
detailed evaluation of remote manipulator problems or problem 
solutions. One can only say that these operations will 
probably be considerably slower than manual performance of the 
same task, and that proper display selection will be critical 
for success. The probability seems high that operation using 
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a discrete movement mode will be necessary. 

Discussion of Concepts 

The concept for compensation of delay effects just described 
is not, of course, the only one possible. It was selected as 
being a basically simple approach and one that is presently 
possible without extensive development or requiring any signi-
ficant advances in technology, as well as satisfying the oper-
ational requirements. It is based on presently available 
information and would be subject to test and revision if it 
were to be implemented. It serves, however, to illustrate 
the type of approach which would serve to provide a usable 
control loop. 

Inevitably, the final test of any system will be a detailed 
simulation. The requirements will include accurate simulation 
of the vehicle dynamics, displays, controls, lunar surface and 
lighting, and manipulation tasks. In the computer simulations 
to date, the transmission delays have been lumped at one point 
in the loop. Whatever the merit of this lumped delay for ease 
of computer setup, there is a question as to its general 
validity in a behavioral task. The general statement has 
been made that the operator cannot tell the difference if the 
delays are lumped at one point in the loop (usually on the 
control side) or if they are distributed, as in the Earth-
moon situation. For certain common computer display conditions, 
this statement would appear to have face validity. However, 
there has been no test of this assumption published to date. 
Farther, if the data obtained by Garvey, Sweeney, and Birmingham 
(k),using exponential delays, have any applicability (which is 
not certain), very definite differential effects may be present 
between display delays and control delays. There are no 
available data at all on the differential effects of control 
delays and display delays where a complex display such as 
television or radar is involved. It does not seem probable 
that the perceptual task of pursuit or compensatory tracking 
using two lines on an oscilloscope is sufficiently analogous 
in complexity or content to TV and radar to permit an assumption 
of no difference in delay position for the latter situations. 
This aspect of simulation is one that will have to be con-
sidered when a face-valid lunar simulation study is to be per-
formed. 

The importance of adequate simulation in the development 
of controls and displays for prediction and delay compensation 
cannot be overemphasized. The lack of adequate previous 
research and the difficulty of obtaining the needed data with-
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out simulation are evident. Once the roving lunar vehicle is 
on the moon, it will be too late to redesign. 

CONCLUSIONS AND SUMMARY 

The combined effects of transmission delay and other time 
lags in Earth control of lunar vehicle impose a number of 
restrictions. Detailed consideration of the display problems 
also involved is not included here except where these display 
parameters involve time delay aspects. The performance data 
presented here lead to the conclusion that control techniques 
as presently practiced for short distance remote control are 
not adequate for lunar remote control missions. New techniques 
are required to compensate for the long delays involved. 

The primary method proposed for performing this compensation 
is predictive computation and display. This permits the opera-
tor to control the vehicle at the predicted point where the 
control instruction will take effect. The display and control 
concept described makes use of a computer to determine probable 
future vehicle position. Although the programming and design 
are fairly sophisticated, they are within present technical 
capability. 

This does not mean that the control task can be left to a 
computer. A computer's capability is limited to that which is 
known in detail in advance and which can be programmed. On 
the moon, a largely unknown situation will be encountered 
where data processing and decision making are the prerogative 
of the human operator. Yet, in order to make the operator's 
task successful, he must be provided with as much data pro-
cessing assistance as possible without swamping him with 
unassimilable quantities of unnecessary data. It is possible 
that the approach described will do the needed job. 

As a final item, it is worthwhile noting that much research 
remains to be done. The available literature on the problems 
of remote lunar vehicle control is sparse. Much of the work 
that must be done will require a detailed exact simulation 
of the problem. However, much can still be done with simple 
simulation. The final vehicle and control loop design is 
dependent on questions that are still unanswered. Finding 
these answers and applying them is the major task that 
remains to provide adequate remote control of lunar vehicles. 
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Fig. 1 Result of time delays on automobile driving 
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Fig. 2 Basic Earth-moon remote vehicle control loop with 
transmission delays 
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Fig. 3 Time delays used in tracking studies 

608 



TECHNOLOGY OF LUNAR EXPLORATION 

Fig. k Effects of delayed visual feedback (after Ref. 3) 
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Fig. 5 Percent TOT from computer study for different time 
lags and velocity and acceleration controllers at 
five speeds (Ref. 8) 
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Fig. 6 Integrated absolute error vs time lag for five speeds 
and two controllers (Ref. 8) 
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Fig. 7 Earth-moon control loop with delays and perturbations 
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Fig. 8 Generalized layout of a predictive control loop for 
remote control of lunar vehicles 
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Fig. 9 Possible prediction displays 
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