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FOREWORD

This report was prepared by the Psychology Branch of the
Aero Medical Laboratory, Directorate of Research, Wright Air
Development Center, for a task under Project 7197, "Human
Engineering Factors in the Design of Training Equipment" with
Dr. Gordon A. Eckstrand acting as Project Scientist. - The task
was 71635, "Simulation Requirements of Training Equipment" with
Dr. Marty R. Rockway acting as Task Scientist. The experimental
data were collected at the Ohlo State University, Columbus, Ohio
under Contract No. AF 18(800)-78 and under the direction of
Dr. Delos D. Wickens. Mr. Armand N. Chambers supervised the

collection and analysis of data.

The author wishes to express his appreciation for the
assistance of Mr. John W. Senders of The Psychology Branch, Aero
Medical Laboratory. Mr. Senders not only designed the experimental
apparatus and supervised 1ts maintenance, but he also provided
valuable advice concerning aspects of the investigation itself.
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ABSTRACT

§ Previous lnvestigations of the effects of control-display (¢/D)
time delay on the performance of continuous tracking systems have all
. demonstrated a decrease in system performance with increasing delay.
A rational analysis of the joint effects of C/D gear ratlo and
exponential time delay sugeests that the effects of increasing
exponential delay depend upon the particular ¢/D ratio employed.

The present study was designed to demonstrate this interaction be-
tween the effects of ¢/D ratio and exponentlal time delay on the
performance of a two-dimensional tracking task.

The experimental results verified the predicted interaction.
More specifically, it was demonstrated that with the "ighest" C/D
ratlo (where a given control input produced the smallest display
' change) 1increasing delay effected a monotonic degradation in system
performance. But, with the "lowest" ¢/D ratio (where a glven control
input produced the largest dlsplay change) increasing delay effected
a monotonic improvement in system performance. With an intermedlate

"ratio system performance first increased and then decreased with
incresasing delay.
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THE EFFECT OF VARIATIONS IN CONTROL-DISPLAY RATIO AND EXPONENTIAL
/ TIME DELAY ON TRACKING PERFORMANCEL

INTRODUCTION

Recently, conslderable effort has been devoted to the study
of man as an element in a tracking system. The procedure, quite
often, has been to manipulate certalin characteristics of the track-
ing situation and, from the offects of these variations on system
performance, to infer their effects on the performance of the man.

Among the characteristics of man-machine tracking systems
which have been demonstrated to effect system performance are
control-display ratio and control-display time delay. Control-
display ratio 1s defined in terms of the magnitude of display change
produced bty a given control input. Control-display time delay is
defined in terms of the time required to produce a particular display
response following a step input of the control. In subsequent para=-
graphs the general findlngs concerning the effects of experimental
variations in these two parameters on the performance of man-machine
tracking systems will be discussed.

Control-display ratio. Experimental variastions of control-
display (C/D) ratio iave been effected in a number of ways (1). The
techniques employed have included optical magnification of the dis-
play, the addition of derivatives to the control output, varistion
of the shape of the function relating control movement to display
movement, and "mechanical® alteration of the C/D (gear) ratio. It
is this latter type of variation with which we are concerned., In
this situation the displayed error (problem amplitude) remeins
constant, but the amplitude of the control input required to elimi-
nate it is varled.

In genersal, investigations of the effect of variations in
¢/D (gear) ratio on tracking performance have revealed that for each
tracking situation there is an optimal ¢/D ratio. There 1s also some
evidence (4) that the exact value of the optimal ratio depends on
the nature of other system characteristics.

Helson (4), has reported a number of studies involving com-
pensatory tracking with a handwheel control. The results of these
studies indicated that tracking accuracy increased, up to a point,
with an increase in the recuired rate of handwheel turning. However,
the optimal turning rate varied as a function of the values of other

system parameters (e.g., handwheel radius).

i, Previously dlstributed as a short laboratory note, "The effect
of variations in control-display ratio and exponential time
delay on the performance of a tracking task (a preliminary
report)," dated 11 October 1954.
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Gibbs (3) performed a study to determine the optimal C/D
ratios for both lsometric (pressure) and isotonic (free-moving)
velocity control levers. His findings revealed that tracking
efficiency first increased and then decreased with an increase in
the rate of display movement resulting from a given control input.

Control-display time delay. Although the relationship of
system output to control input might assume any shape over time,
to date only three types of C/D time delays have been subjected
to systematic laboratory research. These types have been classified
as transmission, exponential, and sigmoid time delays. The dif-
ferences in the effects of these three types of delays on system
output are illustrated in Fig. 1.

In a system with transmission delay the output indicator
follows the control input by a given amount of time (specified by
the time constant), and the output has the same rate characteristlics
as the input. On the other hand, with an exponential delay a
control input produces an immediate partial change in the output
indicator, but the full effect of the input occurs as an ex-
ponential function of time. The exponential time constant 1is
defined in terms of the time recuired for the output indicator
to attain 63% of its final value. In & system with sigmoid delay
a control input also produces an immediate partial change in the
output, but the output reaches its finsl value as a sigmoid
function of time. The definition of the sigmold time constant
i1s identical to that for exponential delay (2).

Several recent experiments have investigated the effect of
variations in C/D time delay on tracking performance. Despite a
great diversity of experimental situations, the data from all of
these studies have demonstrated that increasing time delay effected
a monotonlc degradation of system performance.

Warrick (6), using a compensatory tracking task with a position
control, varied the amount of transmission type time delay from
O to .32 sec. He found that tracking performance, as measured by
time-on-target, decreased with an increase in time delay.

Levine (5) varied the amount of exponentlial delay between
control and display in a cowpensatory tracking task from O to
2,7 sec. His results indicated a decrease in tracking performance
with an increase in delay.

Conklin (2) carried out an extensive investigation of the
effects of exponential and sigmoid time delays on tracking per-
formance. In addition to the two time delays, Conklin studied
both compensatory and pursuit tracking and a varlety of problem
inputs. With respect to the general effect of increasing time
delay, his results verified those of previous studies. That 1s,
for both types of time delay functions, increasing delay effected
a monotonic degradation of tracking performance.
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Figure 1. The system response to a step input of the control
for three types of control-display time delays
with the same time constants (td).

Interaction of C/D ratio and exponential delay. The author
1s aware of only one previous investigation specifically designed
to study the interaction of ¢/D ratio and time delay. Thils
experiment i1s described in an unpublished intra-laboratory note
by Warrick (7). Using a one-dimensional compensatory tracking
task, Warrick varied exponential time delay, target frequency,
and C/D ratio. He found that both increasing delay and increasing
target frequency produced a significent decrease in system per-
formance. However, neither the effect of ¢/D ratio alone, nor
the interaction of C/D ratio and time delay were significant.

Despite Warrick's fallure to demonstrate a significant inter-
action between C/D ratio and exponential time delay, a common-
| sense analysis of the effects of extreme values of these two
variables strongly sugsests that they do interact. In fact, it
would appear that the general finding of a monotonic degradation
in system performance with increasing exponential time delay 1s
merely a special instance of a more complex relationship. Since,
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for certain C/D ratios, it seems ressonable to assume that an
increase in delay will improve the performance of a man-machine
tracking system.

Prior to an explication of the analysis referred to above two
observations will be made which are relevant to subsequent arguments:

1. From the operator's point of view, the most important
effect of increasing exponential delay appears to bte the alteration
in the characteristics of the control input required to produce a
given display response. One lmportant conseguence of this alter-
ation in control properties with increasing exponential delay is an
increase in the magnitude of the control input required to produce
a particular display change in a gilven time. (Of course, the total
effect of increasing exponential delay is more complex than a
simple increase in the amplitude of tne required control input.)

2, When the human operator refers to "control sensitivity,"
he seems to be making a relative judgement concerning the magnitude
of display change per time in response to a given control input.
Thus, control sensitivity should be variable by the manipulation
of C/D ratio and/or exponential time delay. (This 1s not to suggest
that these two methods of manipulating sensitivity are equivalent,
but only that, phenomenally, they appear to be somewhat similar.)

For purposes of exposition,the analysis will be couched in
terms of a typical one-dimensional compensatory tracking system
with a position control. The tracking display is a spot of light
on the face of a cathode-ray tube (CRT). The spot is driven from
a null position at the center of the CRT by the inputs from a e
problem generator producing a simple sinusoid of 1/2 cycle per
second., The maximum excursion of the spot when driven by the
problem generator is + 2 in. from 1ts null positlon. The operator's
task 1s to keep tne display spot at the exact center of the CRT by
compensating for the inputs of the problem generator. The operator's
control is an isotonic (free-moving) aircraft joystick which has a
range of movement of + 10° from its centered position. The system
1s provided with a means for adjusting the control gailn (C/D ratio)
from zero to infinity. The system 1is also provided with a means
for varying the exponential time delay between control and display
from zero to infinity.

Assuming the system descrited above,we shall now proceed with
an intuitive analysis of the effects of variations in C/D ratio
and exponential time delay on system performance. For example,
imagine that tne system time constant is zero and the C/D ratio is
adjusted so that the smallest possible voluntary input of the
operator produces a display movement more than twice as great as
the maximum problem amplitude. It is clear that this control
condition would be too sensitive for manual tracking, since any
voluntary input of the operator would result in an overshoot which ‘
would increasse, rather than decrease, system error. Therefore, 1t
seems reasonable to assume that a reduction in control sensitivity,
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up to a point, would effect an improvement in system performance.
As suggested previously this reduction might bte achieved elther by
increasing? the C/D ratio or by increasing the exponentlal time delay.
If a decrease in sensitivity were obtained by increasing the c/D
ti@e delay, then 1t should be possible to demonstrate an improvement
in ‘tracking performance resulting from an increase in time delay.
0f course, if the time delay were lncreased indefinitely control
effectiveness would eventually be reduced to the point where system
B performance would begin to decrease with further increases in delay.

The prediction of an improvement in man-machine system per-
formance with increasing delay requires certain assumptlions con-
cerning the response lim!tations of the human operator. The
prediction of an eventual decline in system performance with in-
creasing delay, on the other hand, may be justified completely in
terms of a degradation in the transmission properties of the machine,
quite apart from any considerations of operator functloning.

For example, assume that the time delay of the system 1s agaln
gero and the C/D ratio is such that the maximum deflection of the
control stick produces a display movement which 1is at least equal
to the maximum problem amplitude but is less than infinite.

Perfect (i.e., zero error) tracking demands that the control be
manipulated so as to transmit inputs which will exactly compensate
for both the frequency and amplitude characteristics of the problem
signal, It is obvious, for the range of C/D ratios specified, that
the system time constant may be increased to a value such that the
display spot can not be moved (sinusoidally) from a position 2 in.
on one side of the CRT to a position 2 in. on the other side in

b one second. When thls delay value 1s reached zero-error tracking of
the 1/2 cycle per second problem input 1s no longer possible, &nd
further increases in delay will effect a monotonic degradation 1n
the theoretical performance ceiling of the system.

This latter observation is not intended to suggest that all
of the degradation in system performance which has been demon=-
atrated to occur as a consequence of increasing exponential time
delay can be attributed to a reduction in control effectiveness.
For even under control conditions which would theoretically permit
perfect tracking, the presence of an exponential delay may affect
the perceptual, motor, and/or ideational requirements of the task
in such a way as to effect a reduction in operator efficlency.

The present study. The present study was designed to in-
vestigate the loint e fects of C/D ratio and exponential time
delay on the performance of a two-dimensional compensatory track-
ing system, Actually, it might te more appropriate to state that
the present study was deslgned to "jemonstrste® the interaction

' 5. Control-aisplay ratlo 1s conventiorslly expressed as & numerical
fraction (C/D). Thus, the larger the rstio, the smaller the
magnitude of display change produced by a given control input.
And, conversely, the smaller the rstio, the larger the
magnitude of display change.

WADC TR 54-018 5




| 3

of C/D ratio end exponentiel time delay, since the experimental
conditions were selected so as to maximize the probébility of
verifying the interaction predicted above.

METHOD

Apvaratus. The experimentsl appsratus consisted of a two-
dimensional compensatory tracking device mounted in a rough sim-
uletion of an eircraft cockpit.

The tracking dlsplay was a flourescent spot on the face of
a 5 in., csthode-ray tube (CKT). The CEKT was mounted behind an
aperture 1n a verticel instrument panel perpendiculsr to the
suttect's (S's) line of sight end at & viewing distence of about
28 in.

The trackirg control wes a spring-centered aircraft foystick
wlth which the S could move the spot sbout the face of the CKT in
two-dimensions. Fore-aft motions of the stick moved the spot
vertically, and right-left motions moved it horizontelly. The ex-
ponential time delsy was produced by two varisble R-C filters
interposed in the link between the S's control and the differentisl
(where the S's input is compered to the problem input and the dif-
ference acquired for display). Control-display ratio was varied
by means of two rheostats in the control circuit. The settings of
the rheostats determined the amount of spot movement which resulted
from & given control deflection. The control stick protruded thru
a rectangular opening in a metsl plste tolted to the deck of the
cockplt. The dimensions of the opening were such as to restrict
the renge of stick mcvement to + 11° from the vertical in both
dimensions. Since th+ length of the stick, 28 measured from the
| fulcrum, was 28% in., the totel range of movement of the top of

the stick was 10.9 in,

The protlem signals to the displey were generated by two
low torque potentiometers driven by cem followers riding on the
peripheries of masonite cams whilch rotsted at 1 rpm. The cam
contours were smoothed spproximations of the sum of three sine
waves whose frequencles were &, 5§, and 11 cycles per min. and
whcse amplitudes were ecual. (The addition of the sinusoids was
mede with the 3 cycle wave displaced 180° in phese. This pro-
duced cems with a few extremely sbrupt changes in slcpe which
were smoothec¢ out to reduce the complexity of the problem and to
allow the csm followers to ride freely.) The cams for toth di-
mensions were identicsal buvt were mounted so that thelr inputs were
90 degrees of csm (i.e., 15 sec.) out of phsse. The maximum ex-
cursion of the displey spot when driven bty the prohlem cams was
22/16 in. from the center of the CRT in each dimension.

During performance of the trescking tssk the S's 'obt was to
keep the displey spot within a 3/8 in. square target srea outlined
in india 1nk at the center of the display face. Three .00l-min,
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TAPLE 1
The Conditions of the Experiment
C/D Time Delay (sec.)

D 6 1.5 340

1:3

c/D 1:6

N=8

Raetio 1:15

1:30

Standard Electric Clocks were used to record time-on-target in-
formation. One clock recorded the time the spot was within a
scoring band 3/8 in. wide and symmetrical about the vertical axis
of the CRT. A second clock recorded the time the spot was within
a 3/8 in. scoring band about the horizontal axis. The third
clock recorded the time the spot was withlin toth scoring bands
simultaneously (i.e., within the square target aresa).

Subiects. The 3s were eight (seven right and one left-
handed) male adults. Only individuals with considerable prior
tracking experience on the apparatus used in this study were
selected as Ss. Each S served in all of the 16 experimental

conditions.

Conditions. The experimental schema is presentec in Tatble 1.
Four levels of each of the two experimental varisbles were select-
ed, and all combinations of these resulted in a total of sixteen
experimental conditions. The four time delay constants were
.3, «6, 1.5, and 3.0 sec.; and the four C/D ratios were 1:3,
1:6, 1:15, and 1:30.

The notation of C/D ratio in’ the form 1:X should te read
as "10 of control deflection produced X/lo in. of spot movement."
The relationship between control deflection and spot movement
was essentially linear. Therefore, in the case of a C/D ratio
of 1:3, a 10 deflection of the control moved the spot 3/16 in.;
a 20 deflection moved the spot 6/16 in. (i.e., 2 x 3/16 in.);
a 30 deflection, 9/16 in....; and an 11° deflection, 33/16 in.

It will be recalled that the maximum displacement of the
spot produced by the problem signal was 55/16 in. from the central
axes of the CRT. Thus, with the highest C/D ratio (1:3) it
reguired full stick deflection (11°) to completely compensate
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for the maximum spot displacement.® On the other hand, with the
lowest C/D ratio (1:30) it required only 1.1° of control de-
flection to completely nullify the maximum problem input.

Procedure. The sixteen experimental conditions were arranged
in a 16 x lo Latin square. The square was generated so that, for
the square as a whole, each experimentsl condition preceeded and
followed every other condition once and only once. In addition,
the sequences in the first eight rows of the square were the
reverse of those in the second eight rows., A systemstic square
with the properties described was selected because 1t was felt
that such a design afforded the best scheme for distzibuting any
order effects equitaebly over all sixteen conditions.

Both the assignment of condlitions to Latin letters end the
assignment of 3s to sequences of conditions wss made randomlye.
In the case of the Ss, the asslignment was actually to two sequences,
one being the reverse of the other.

Each S served for two days. On both c¢ays the S practiced for
five trlals with each of the sixteen controcl conditions. The order
of experiencing conditions on Day 2 was the reverse of that on
Day 1, so that an ABBA type of counterbalsncing was effected. On
each dasy presctice was distributed as follows: Four blocks of (five)
trials, 15 min, rest intervel, four blocks of trials, l-hr. rest,
four blocks of trials, 15-min. rest, and four blocks of trials,
Trials were 1 min. in length, the inter-trial rest interval was
30 sec., snd the inter-block rest interval was 2 min,

The S performed the tracking task while sested in a simulated
cockplt which was housed in a sound-proof cubicle. A low level

of glare-free illumination was provided by a shlelded 60-watt
bulb placed behind the S. A few seconds prior to stert of each
trial the experimenter (E) would ssy "Ready." This was the signal
for the S to center the spot within the target area and to prepare
to track. During the intervals between trials the S was permitted
to manipulate the stick as much as he wished to get the "feel"

of the control-display condition. The S remained sested in the
cockpit during the 30-sec. and 2-min. rest intervals but left the
cockpit and the cubicle during the 15-min. and l-hr. rests,

3. Since the scoring bends extended 3/16 in. on each side of the
central asxes, it actually required less than full stick de-
flection to activate the scoring clocks.

4. It is recognized that if precise normative data were desired
a more satisfactory procedure would hsve been to use sixteen
independent groups of Ss.
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TABLE 2

Mean Percent Time-on-Target Scores for Each
Combination of C/D Ratio and Time Delsy

C/D Time Delay (sec.)

o3 .6 1.5 3.0

1:3 52 45 25 10

¢/D 1:6 64 69 68 36

Retio 1:15 57 67 70 70

1:30 44 55 66 72
RESULTS

Two types of experimental data were obtained. During the
course of the experiment proper, quantitative data in the form of
time-on-target scores were collected for all Ss. Following com-
pletion of the regular experimental progrem, graphic records of
tracking error and control movement were obtained from a single

highly proficlent S.

Time-on-target scores. Three different cumulative time scores
were recorded during each l-min. trial throughout practice. One
score indicated the time that the displey spot remsined within the
vertical scoring band, s second score indicated the time within
the horizontsal band, and a third indicsted the time within both
bands simultaneously (i.e., within the square target area). Since
all three sets of scores lead to the same conclusions, only the
analyses of the simultaneous time-on-target (TOT) scores willl be
described.

The mesn percent TOT scores for all conditions are presented
in Table 2. Each mesn 1s a measure of group performance for both
days of practice and 1s the everage of 80 individual scores, 10
for each of the eight Ss. The mean scores for each day separately
are tabled in the Appendix.

An snalysis of variance of the TOT scores is summarized in
Table 3. Using the remsinder mean square as &an error term, all of
the F-ratios, except that for the interaction of Ss and time delays,
are significant. Eecause of the significant intersctions, the
main effects of C/D ratios and time delays are not amenable to exact
statistical test. However, if it is assumed that the experimental
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TABLE 3

Anelysis of Variance of the Mean Percent Time-on-Target Scores

| Source of Variance ar Mean Squsre F s}

|

' Ratio (R) 3 679,680 310.20 <«.01

} Delay (D) 3 90,577 41.3¢ <,01

‘ Sublect (3) 7 123,986 56.59 <.01
RxD 9 181,152 82.68 <,01
S xR 21 5,083 2.32 <,01

| SxD 21 1,488 0.68 n.s,.

3 Remainder 63 2,191

§ Total 127

| Ss were s random sample from some specified population, then the mean

| square for the interaction of Ss and ratios may bte used as an error

‘ term to test the main effect of Ss. However, the F-ratio resulting
from such a comparison--slthough significant--probably is not of
general interest, since it merely indicates the presence of in-
dividual differences. No attempt was made to analyze the data for

E the various levels of C/D ratios and time delays separstely, since

| it was felt that differences of practical significance among con-

| ditions were adequately revesled in the graphicsl and tabular

| presentations of mean TOT data.

| The group performance curves in Fig. 2 clearly Indicate the

| predicted interaction between C¢/D ratio and time delay. The most
| drematic example of this interaction is displsyed by the curves

| for the 1:3 and 1:30 ratios. With the 1:3 ratio trecking perform-
ance decreases monotonicselly with Increasing exponentisl time
delay, while with the 1:30 ratio tracking performence increases
monotonically with increasing time delsy. The curve for the 1:6
ratio, which first rises and then falls, undoubtedly forecssts

the eventual shapes of the 1:15 and 1:30 curves with further in-
creases in delsy. It will be noted that the amount of delay which
is optimal for tracking increases with a decresse in C/D ratio.

It is interesting tc compare the relative efficiency of

|
|
I
|
|
|
|
|
!
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Fig. 2. Mesan percent time-on-target scores for each
combination of C/D ratio and time delsay.

tracking with the various C/D ratios at psrticulsar values of
exponential delay. For example, when the system time constant 1s
greatest (3.0 sec.), it sppears that the lower the C/D ratio the
better the performance. But with a decrease In delay, the relation-
ship systematically changes until a2t the minimum delay (.3 sec.)

the poorest performance is obtained with the lowest C/D ratio.
Unfortunately, it was not possible to reduce the time delay to

zero without a deterioration in the quality of the CRT presentation.
Therefore, we can only speculate that the relstlonship btetween
tracking performance and C/D ratio with zero delsy would be the
reverse of that obtsined with 3.0 sec. delay.

Graphic records. Following completion of the main experimental
schedule, simulteneous pen recordings of display error and control-
stick movement during tracking were obtained from a single highly
proficient S. Although S tracked the regulsr two-dimensional
protlem, records were taken of movement in the horlzontsal (right-left)
dimension only. Samples of the obtalned records for the 1:3 and 1:15
ratios are reproduced in Fig. 3 and Fig. 4.

The records presented were all tsken during the first 32-sec.
portion of the reguler l-min. trial. The "problem input" trecing
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Figure 3. Pen recordings of problem input, display error, and control=-
stick movement during tracking with the 1:3 C/D ratio. Rece-
ords are for the horizontal (right-left) dimension only.
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Figure 4. Pen recordings of problem input, display error, and control-
stick movement during tracking with the 1:15 C/D ratio. Rec-
ords are for the horizontal (right-left) dimension only.
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shows the movements of the displey spot to the right and left of
the center of the CRT with the control-stick fixed in its centered
position. The "error" tracings show the right-left movements of
the display spot with the operator in the control loop. And, the
"control-stick" tracings show the operator's right-left control
movements when attempting to maintain the display spot within

the square target area. Since the operator tracked a two-dimensional
course, his right-left control movements probably were considersably
different than they would have been had he tracked only the hori-
zontal problem input. However, it 1s unlikely that the general
characteristics of the records with which we are concerned would

be differentially affected by the complexity of the input.

To facilitate cross-comparisons of the graphic dats, all records
of a simllar type are to the ssme scele. That 1s, equal amplitudes
on the error records, including the problem input, represent equal
amounts of display spot displecement on the face of the CRT. Like-
wise, equal amplitudes on the control-stick records, represent
equal amounts of control deflection. It will be recalled that the
maximum spot displsescement when driven by the problem signal was
33/16 in. from the center of the CRT. And, it will also be recalled
that the maximum possible stick deflection was 11° from the centered
position. Thus, the maximum amplitudes on the problem input curves
correspond to a spot displacement of 33/16 in.; and the maximum
amplitudes on the control-stick curves for the 1l:3 ratio correspond
to a control deflection of 11°,

No attempt was made to sublect the graphic data to precise
analyses, since the festures of primary interest for the present
investigation are amenable to visual inspection. For example, 1t
was pointed out in the Introduction that one important consequence
of increasing exponentisl delay was the increase in the magnitude
of control movement required to produce a perticular display change
in a given time. Implicit in this observation, of course, was the
assumption that the operator would tend to increase the amplitude
of his control movements with an increase in exponential delay.
This assumption is obviously verified for the operator whose records
are shown in Fig. 3 and Fig. 4, and, undoubtedly, 1t could be
verified for any experienced operator motivated by a desire to
minimigze tracking error,

It was also pointed out in the Introduction that, under some
conditions, exponential delay could be increased to a value which
would salter the transmission properties of a control to a degree
which would preclude "perfect®™ tracking. Inspection of the error
and control movement records in Fig. 8§ suggests that such a situ-
ation obtained at the long time delays with the 1:3 ratio., It
will be noted that both the magnitude of tracking error and the
emount of time the control was at the limits of its range of move-
ment increassed with an increase in delay. With the 3-sec. delay,
control effectiveness deteriorated to the point where almost all
control movements were, of necessity, of maximum amplitude. Desplte
this, it can be seen that display error often continued to increase
even after the control had been deflected maximally in the ap-

propriate direction.
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DISCUSSION

The experimental results verified the prediction of an inter-
action between C/D (gear) ratio and C/D (exponential) time delay,
More specifically, it was demonstrated, for the conditions of this
study, that with relatively high gain (low ratio) controls in-
creasing delay effected an initial improvement in tracking per-
formance, while with a low zain (high ratio) control increasing
delay effected a monotonic degradation 1n tracking performance.

In addition, 1t was found that for the longest time delsy tracking
performance tended to be best with the lowest (1:30) C/D ratio,
while for the shortest time delay tracking performance tended

to be worst with the lowest C/D ratio.

Time-on-target-scores. The quantitative data upon which the
experimental results are based are the simultaneous TOT scores.
These scores are measures of the performance of the total man-
machine system; therefore, taken alone, they permit only a limlited
number of inferences concerning the effect of experimental
variastions on the performance of the human operator,

For example, for experimental variations which might logicsally
be expected to reduce the efficiency of the machine (e.g., increasing
delay and/or C/D ratio), it would not seem legitimate to infer that
decreasing TOT scores demonstrated a reduction in operator efficiency.
Likewise, for variations which might be expected to improve the
efficiency of the machine (e.g., decreasing delay and/or C/D ratio),
it would not seem legitimate to infer that increasing TOT scores
demonstrated an improvement in operator efficiency. On the other
hand, if system performance were found to increase with increasing
delay and/or C/D ratio--or decrease with decreasing delay and/or
¢/D ratio--it would seem permissible to make some inferences con-
cerning the functioning of the operator. However, regardless of
the findings, it is apparent that some caution should be exercised
in generalizing from the effects of experimental variations on the
total man-machine system to their effects on the human operator.

General remarks. Perhaps the most important outcome of the
present investigation was the demonstration of a significant im-
provement in tracking performance resulting from an increase in
exponential delay. The importance of this finding lies not in its
uniqueness, since even an analysis as unsophisticated as that pre-
sented in the Introduction makes 1t appear almost obvious, Rather,
it is felt that this finding is important because it serves to
emphasize the differences in the effects of transmiasion end ex-
ponential C/D time delays on the performance of continuous control
systems., For, it is difficult to concelve under what conditions
one might feel justified in postulating an improvement in tracking
performance with increasing transmission delsay.

There seems to be a general disposition to eguate both
transmission and exponential delay with a delay in the critical
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components of response feedback. Clearly, transmission delay may
be considered to effect a delay in the feedback channel in which
it operates to the extent that it delays the onset of the dis-
played reproduction of the operator's control manipulations. How
ever, whether or not exponential delay is considered to effect a
praectical delay in feedback would appear to depend upon the task
to be performed. For, exponential delay does not delay the onset
of the displayed effect of the operator's control inputs but,
instead, changes the pattern of inputs reguired to produce a
particuler display response.

With respect to the facilatory effect of increasing ex-
ponential delay with low c/D ratios& it appears that the delay
exercises a "smoothing" or "dsmping" effect upon the operstor's
inputs. (Actually, of course, it was the R-C filters in the present
system which accomplished the damping and produced the delay. With
low ratios and short time delays the control may be so sensitive
that it taxes, or exceeds, the human operator's capacity to respond
without overcorrecting. Ih addition, the very sensitive control
may amplify the operators tremors and other involuntary responses
to the point where they act as perceptual "noise™ and further inter-
fere with his performance of the tracking task. When such a sltuation
obtains, the introduction of a longer time delay appears to filter
out tnese inappropriate high frequency, low amplitude, responses
and, thereby, increases tracking efficiency.

Certainly the introduction of exponential delay is only one
of many techniques which might be employed to reduce control
sensitivity. In the present study, for example, the 1:30 ratio
with a .3-sec. delay resulted in a control which was virtually
jsometric relative to the course to be tracked. Because of the
extremely small movements required, the forces needed to deflect
the control appropriate smounts were very low and almost im-
perceptibly different. In this case one could undoubtedly
decrease the operator's tendency to produce large transient display
errors and oscillations by increasing the amount of control force
recuired to effect a given display movement.

No attempt will be made to adduce arguments to explain the
deleterious effects of increasing exponential delay on operator
performance; for, as has already been noted, the TOT scores do
not permit a separation of the effects of increasing delay on  the
operator from the effects of increasing delay on the machlne.
However, as far as the present study is concerned, it is felt that
much of the degradation in system performance at long delays may
be attributed to a reduction in control effectiveness, rather than

a deterioration in operator functioning.

To reiterate, the problem signal generator can be considered
to produce a series of position changes of the display spot over
time. However, the rate and higher derivate characteristics of
the problem cams are such that many portions of the series can not
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be matched, or compensated for, with a control having the properties
of high C/D ratio and long time deley. Therefore, even a perfect
tracking machine, using the control with the 1:3 ratlo and attempting
to compensate for the relatively complex problem lnputs of this

study would obtain considerably less than perfect TOT scores at

the longer time delays.

Considering the analysis recapitulsted above, it seems clear
thet the effect of increasing deley on system performance would
also interact with protlem frequency. For, other things being
equal, the higher the frequencies in the problem input the lower
the exponential delay at which perfect tracking is precluded.

The finding of an increase in tracking performance with
decressing C/D ratio st the longest delay suggests that range of
control movement is another psrameter which may interact with ¢/D
ratio and exponential delsy. It will be recalled that the range
of control movement in this study was held constant for all con-
ditions. Thus, as C/D ratio was decreased the maximum extent to
which the display spot could be moved was increased--with a 1:30
ratio the displasy spot theoretically could te moved 10 times as
far ss with a 1:3 ratio. Clearly, if C/D ratio is held constant
as exponential deley is increased, the extent to which the control
must be deflected to produce a particular displey movement in a
given time 1is also increased. Therefore, for a combination of ¢/D
ratio and exponential delsy which does not permit efficient tracking
(e.g+, 1:3-3.0 sec.), it seems reasonable to assume that an increase
in the maximum range of control movement, up to a point, will
result in an improvement in system performance.

Final remerks. There has been a tendency to adopt as &
principle of human engineering the proposition that "Any delay
between control and display has a detrimental effect on the per-
formence of a man-machine system." The findings of the present
study suggest that for exponentisl time delay & more appropriate
principle would be, "The optimum delay between control and displey
depends, among other things, on the magnitude of displey change
produced by a given control input."”
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SUMMARY

Eight experienced operators performed a two-dimensional
compensstory tracking task using each of the sixteen combinstions
of four control-display (C/D) gear ratios and four C/D exponential
time deleys. The four C/D rstios were such that 1° of control
movement produced either 3-, 6-, 15-, or 30-sixteenths inches of
displey movement. The four time delay constents were .3, .6, 1.5,
end 3.0 seconds. .

The results demonstrated an interaction between the effects of
c/D ratio and exponential time delsy on system performance. More
specifically, it was found that:

l. For the 1:3 ratio, there was a continuous decresse in
system performsnce with increasing delay.

2. For the 1:6 ratio, performance first incressed to .6-second
delay and then decressed with additional increase in delay.

3. For the 1:15 ratio, performance increassed to 1l.5-second
delsy. There was no difference between performance with 1.5-
snd 3.0-second delays.

4. For the 1:30 ratio, performance increased continuously
with increasing delay.

5. At the 3.0-second delsy, performance was best with the 1:30
ratio; while at the .3-second delsay, performance was worst with the
1:30 ratio.
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APPENDIX

TABLE 4

Mean Percent Time-on-Target Scores on Day 1l.

Time Delay (sec.)

3 6 1.5 3.0
48,6 4l1.2 22.0 9.0
60.8 63.2 61.9 33.2
5346 | 64.9 6547 659
41.5 50.6 6249 69.1

TABLE 5

Mean Percent Time-on-Target Scores on Day 2.

1:3
¢/D 1:6
Ratlo 1:15
1:30
1:3
c/D 1:6
Ratio 1:15
1:30

WADC TR 54-618

Time Delay (sec.)

3 6 1.5 3.0
55.6 48,7 2848 10,5
67.2 750 74,5 3946
6046 69.6 74,0 7346
46.8 59.3 67.8 74,7
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