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FOREWORD

The work covered by this report "Effects of Time
Delay in the Visual Feedback Loop of a Man-Machine System",
by John M. Leslle, was part of the total research performed
at Stanford University under Grant NsG 111-61.

The work was monitored by Mr. Wendell Chase of the
Man-Machine Integration Branch at NASA/Ames Research Center.

This report was submitted to Stanford University in

December 1965 as partial fulfillment of the requirement
for the degree of Englneer.
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ABSTRACT

This Thesis was almed at studying the effects of time delay
in the visual feedback loop of a man-machine system. - A
one-dimensional, step-type input, pursuit trackling experiment
was developed to study these effects with transmission-type
delays of zero to ten seconds. Thirty-six subjects participated
in a series of tests that covered: seven different delays,

two different levels of course complexity for each delay,
learning, and open-loop conditions. It was found that tracking
performance deteriorates non-linearly wlth increases in delay
and that the magnitude of this performance degradation 1s a
functlion of course complexity.

The system cutoff frequency (fco) can be approximated by

0.14
fco_ EUTT for all delays (T) which are much greater

than the operator reaction time and for all course complexities
studlied. A quasi-linear model for system performance was
developed.
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Chapter I
INTRODUCTION

Problem

Delay of feedback information can be a very frustrating
experlence to a person. Anyone who has had the misfortune
of speaking in a highly reverberant audltorium has had

the nerve-wracking difficulties pf trying mentaliy to
screen out hls echo while he continues to speak. It 1s
well known (Fairbanksg6*; Kalmus, ny and Denesuo; Bergiedk
and Davidl3) that 1f the auditory delay 1s approximately
0.2 seconds, the speaker becomes confused, speaks haltingly,
and becomes unable to avoid making errors in articulation.
Auditory delays of this magnitude are easily obtainable:
sound travels at approximately 1100 ft/sec., so 0.2 seconds
delay 1s introduced by sound traveling from the speaker,

to the rear wall of a 110 foot deep auditorium, and back

to the speaker. Fortunately in most auditoriums, the
reverberation 1s reduced to a sufficiently low level that
the speaker does not become upset by the echo.

The apparent cause of speech degradation by delay, accord-
ing to Fairbanks26, is that the audltory feedback becomes
a mixture of that which is delayed through the air wlth
that which 1s not delayed; the latter being due to both
proprioceptive and tactile feedback.

Experience with visual sensory feedback delay is not nearly
as prevalent as with audlitory. The reason 1is apparent when
one considers that light travels at approximately 186,000

miles per second; or approximately 1000 feet per microsecond.

*
Superscripts refer to List of References, Section VI.



Nonetheless even small wisual delays cause degradation

. of operator performance. Conklin19 reported that trackilng
performance 1s impaired with the presence of relatively
small transmission-type delays in a control system, and
even when such delays are below the operator's threshold
of perception. Bergeljk and David13 experimented with
delayed visual feedback on a person's ability to write

and found that hls performance deteriorates monatonically
with delays up to 520 milliseconds {which was the limit

of their tests). Kalmus, Fry, and Denesqo
writing and drawing difficulties with visual delay as
follows: "The proprioception from the hand indicates

explained

that the drawling of a feature has been completed, but the
eyes and eye muscles contradict this". Smith, McCrary

and Smith64 reported that the effect of 520 millisecond
visual delay, as revealed in their observations, is that,
"performance bécomes ilnordinately difficult and frustrating.
It is nearly impossible to perform the simplest of tasks
such as placing a dot in the center of a circle with any

reasonable degree of accuracy".

Delay of Visual Feedback Causes Performance Degradation

There is ample proof, and it is intuitively obvious, that
people are highly dependent upon feedback in their
sensory/motor response operations. Furthermore, it has
been well establish.l?”19’26’40’611L that a person's perform-
ance suffers degradation when either auditory or visual
feedback 1is delayed. Yet 1In the case of visual trans-
mission-type delays (all elements of the visual informa-
tion delayed an equal amount), there has been little
research done to determine, quantitatively, the relation

of delay, task complexity, and performance degradation.



There is a growling need for knowledge of this relationship
to keep pace wlth desires for remote control of equipment
on distant planets, spacecraft, and space platforms. Such
man-machine systems can easily incorporate visual time
delays of seconds to minutes. In the case of communica-
tions with the moon, the round-trip time for radio and
television transmission 1s approximétely 2.6 seconds ---
and the moon is a close range obJective 1n the United
States! probe of outer space.

Objectives

Thls thesis will be directed to the study of the effects
of time delay 1n the visual feedback loop of a man-machilne
system. The specific objectlives are as follows:

1. Learn the character of an operator's pursult tracking
capabllity when subjected to a delay of visual observa-
tion of the results of hils previous control commands;
the studies and tests wlll be at delays of 0.00, 0.27,
0.50, 1.00, 2.60, 5.00 and 10,00 seconds.

2. Describe a mathematical relationship between operator
performance and the magnitude of delay of visual feed-
back information.

3. Conslder the implicatilons of such delays upcn the design
of man-machine systems.

Concentration will be on pursult tracking rather than
compensatory. In pursult tracking, the subject sees both
the input signal and the "follower", and he controls the
latter to track the former. At any given instant, he has
the advantage of seeing the input, the output (the results
of his control commands), and the difference between the
two. In compensatory ‘tracking, the subject is much more
limited: he never directly sees the Input or output; he
observes only the difference between the two; his tracklng
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objective is to null-out (compensate) the difference
signal.

- A block diagram.of the pursult tracking system that will

be..studled 1s shown in Figure 1l: both the input and the
output are shown individually on a display; the operator
(or subject) responds, as he sees fit, by suitable mani-
pulation of his control; one delay period later he observes
the result of this manipulation on the display, and then

he repeats the cycle.

Pigure 1

Pursuit-Tracking Block Diagram

Background

The earliest reported work regarding transmission-type
visual delays was performed by Warwick73 in 1949. He
worked with compensatory {not pursuit) tracking and
limited his work to delays of O to only 320 milliseconds.
He concluded that any amount of transmission-type control
lag (delay) affects tracking accuracy as measured by the
time-on-target. He hypotheslized that there is an inverse
linear relationship between the logarithm of time-on-
target and the control lag. His subjects tracked an input
that was a comblnation of 0.1 and 0.5 cps; with 320 milli-
seconds delay, their tracking performance (time-on-target)
dropped approximately 50% from the zero delay case.
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Lunar Vehlcle Tracking Studies

4,5,6

In 1961, Adams ran pursult-tracking experiments with

~a.crab-type (4 wheel steering) vehilcle that was remdtely

controlled through a time delay. His results, for a
vehicle speed of 2.7 feet per second, showed the time-on-
target for his course to fall both rapidly and non-linearly
from a value of 98% with no delay to a level of 25% with
2'seconds delay. He also found that the time-on-target
became less as the course complexlity became greater.

17

In 1962, Chomet, Freeberg, and Swanson reported on tests

they had run, on a vehicle remotely controlled through a

32 released his test

3.0 second delay. The same year, Fox
results of a jeep driven with a delay of 2.5 seconds. Both
studlies showed that delay caused a degradation of tracking
performance and that the magnitude of degradation was
greatest for courses having the greatest complexity.

PO T )
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In 1963, Bralsted~’ re

vehicle predictor system. This system provided the driver
with immediate feedback of the approximate location where
the vehicle should be (on the lunar surface) one time delay

period later.

In principle, the predictor does automatically what the
driver would try to do 1f he did not have the advantage

of a predictor, but the predictor is able to do it better.

As an explanation, first consider a case having no pre-
dictor. The driver viewsthe course to be tracked on a
television monitor. He mentally must project himself and
imagine he is driving a vehicle positioned 2.6 seconds ahead
on the course if he is to steer with knowledge of the results
of his steering commands; this is the minimum time required
for his steering command to reach the moon and for feedback



information to be returned. The driver must compensate
mentally for the effects of the 2.6 second delay. To do
so, he must remember, and somehow integrate, all of his
commands for any previous 2.6 second period in order to
have a reasonable idea of the effect of his next command.
The Bralsted predictor handles the memory and integration
aspects of this Job for the driver.

With the predictor, the driver sees a small elipse on his
television screen which he can "steer" with his wheel.
This elipse is automatically positioned one delay period
ahead on the road. It responds to a composite of all
steering commands in any previous 2.6 second period. As

a result the "bug" responds immediately to the driver's
next command in a manner similar to the way the vehicle
wlll eventually respond (2.6 seconds later). The driver's
commands go not only to the lunar vehicle but also to an
analog computer which controls the predictor "bug". The
analog computer is adjusted to reflect the dynamic char-
acteristics of the vehicle. As a result, the driver steers
the predictor "bug" and lets the vehicle follow.

Braisted found that courses limited to a maximum speed of

2 mph without predictor could be driven at nearly 5 mph
using the predictor. Braisted'!s work was almed primarily
at learning means of minimizing the performance degradation

effects of time delay.

Remote Manipulator
27,28,62

In 1964, Ferrell
effects of visual delay upon remote manipulation. He
used delays of 0.3, 1, 2, and 3 seconds. His work is
applicable to self-paced situations éuch as assembly,
maintenance, and repair operations at remote locations.

reported on his studies of the

6
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Thls type work is 1in contrast to tracking tasks in which
the operator is forced to pace himself in accord with
that which he 1s elther following (pursuit) or nulling
(compensatory). Operators of the remote manipulator

were able to pace themselves as they deemed appropriate.
Ferrell found that there was a tlme-accuracy trade-off.
He demonstrated that, with a delay, accuracy sufficlent
to perform difficult and complicated tasks can be obtained,
but at the expense of time. The most successful strategy
used by his operators was one of move-and-walt; the
operator moves open-loop and then walts for knowledge-of-
results before proceeding with his next move.

Ferrell reported that another possible strategy would be
for the operator to move-slowly, but that such a strategy
has distinct drawbacks:

l. It 1s difficult to estimate the future position of the
slave hand a delay time ahead, even at low speeds, since
one must keep track continuously of the movements of
one'!s hand over the past delay period. If one moves
too rapidly or loses track of previous movements,
erroneous corrections are made and performance deterior-
ates.

2. Operators find that operating with the move-slowly
strategy 1s more frustrating and emotionally upsetting
than using the move-and-walt strategy.

Ferrell found that 8 out of 9 operators independently
discovered and consistently used the move-and-wait strategy
in preference to moving-slowly.

The latter finding 1s most important 1In light of reports
by both Adams and Bralisted. Adams found that his subjects
often converted the continuous course (a composite of four



sinusoids) into discrete steps in order to provide a
walting period. Bralsted summed his findings as follows:
"When driving with a signal transmission lag (delay) and
no predictor, the drivers found it helpful to steer in

a burst of activity. Here they would command a large
turn and then wait, i1f possible, to observe the results
before making the next turn; driving performance improves
when they have an opportunity to separate the Jjob into a

series of isolated maneuvers."

So all three researchers, Ferrell, Adams, and Braisted,
have observed a natural tendency for operators, subjected
to delay of visual feedback information, to move in a
series of steps rather than in a continuous fashion. This
may be a hint that systems being designed for use with

long delays should operate in step fashicon in order to take
advantage of what appears to be a natural human tendency.

Real Time Tracking (No transmission delay)

Work has been done in the realm of "no-delay" that is
pertinent to this thesis. Most of the work reported has
been by researchers of two different backgrounds. One
group, the servomechanism theorists and the other, the
experimental psychologists. The former has looked at
the problem of tracking from a mechanistic viewpoint and
has attempted to fit man into the mathematical framework
of their rather well established control systems theory.
The latter group has been much more anthropocentrié in
thelr approach and have been attempting to learn the
characteristics of human tracking behavior and the factors

controlling them.



The Servomechanism Approach

One of the more outspoken proponents of this approach 1s
14 who stated that it 1s extremely useful  to
view a system under design, not as one to be operated by

Birmingham

the human, but rather as an arrangement of components,
one of which is the human, which operates to satisfy a
purpose. He states that the pertinent human character-
istics are:
1. Highly variable gain
2. Limited band width
3. A rather poor integrator, differentiator, etec.

(as compared to electronic or mechanical devices)
4. Source of noise in the system.

The majority of the work done by these control-oriented
rescarchers has been with continuous input signals and
compensatory tracking. These choices best fit their
exlsting servo-control theories and provide greater
mathematical tractability than would a choice of either
step input, pursuit-tracklng, or a combination of the two.
These servomechanists have had a large measure of success
in quantifying the behavior of a human operator in "real
time (no transmission-type delay) man-machine systems.

Tust1n68 durlng World War II was concerned with optimizing
the man-machline aspects of the fire control system of a
tank. He looked for an approxlimate mathematical law that
would describe the main part of the operator's behavior

in this application. He already knew the transfer function
(the output response to a given input signal) for the
equipment, and it was important that he also have a trans-
fer function for the man in the system. He concluded that
the operator behaved (mathematically speaking) as would

the four following, serlally coupled, electronic circults:



(1) Amplifier

(2) Integrator

¢3) Phase-advance network
(4) Time delay.

The amplifier term 1ls reasonable because a person has the
ability to adjust the amplitude of his response (as he sees
fit) to a given input; he has an amplifier gain factor {K).
The integrator term is more difficult: Tustin recognized
that man's ability to move his hand was limited inversely
by the rate (frequency) at which he had to respond. He
knew that 1f the rate were sufficiently high, the person's
response would approach zero. He concluded that the
person's response must be proportional to the inverse of
the frequency being tracked. (Unfortunately, Tustin was
not completely correct; he neglected the fact that his
analysis led to an infinite response at a frequency of
zero cycles per second, and this 1s in conflict with
experience.) Tustin's phase-advance network was a mathe-
matical way of representing the anticlpation ability of
the operator: the man in the system has the capability

of taking advantage of the rate of change of the input to
get a "Jjump" on the tracking task. Lastly, the operator
has a bullt-in, reactlon-time-delay whlich must be taken
into account.

Mathematical representation of the four terms is as
follows:

H(s) - K(T;s + 1) e (1)

Where H(s) = Operator transfer function as a
function of s .

10



Operator gain
TL = Operator phase-advance
(anticipation) time-constant
r = Opefator reactlon time
= Jj27f where J 1s a complex operator =‘VTT
and f 1s the input frequency in cps.

10
l

At about the same time Tustin was doing his work, Phillips52

was concerned with ground contrel of fire against airecr

and adopted the same model for hls operators. Licklider

reported that later researchers, Raggazini (1948), Russell
(TQQ1\ and Walston and Warren (TQRM\72 adonted operator

= - (=3 910 S 4 Vis QRiila <l w5 u-.uu.v v Ciauvva
A ~ S \ ~ Yi

models that were similar to Tustin's (Equation 1).

In 1956, Elkind23 reported on hils experimentation in which
he made major advancements in the development of a mathe-
matical model for a human operator. He accepted the con-
cept of gain, phase-lead network, and delay term that were
covered by Tustin. But he corrected the fallacy of model-
ing the human response to approach infinity as the i1nput
signal goes toward zero cps. He agreed with Tustin that
an operator's response approaches zero as the frequency
approaches infinity, but he chose a simple, low-pass
filter as a model for this human characteristic. Such a
filter would do precisely what Tustin's integrator model
would do after the frequency of the input had reached a
so-called‘cutoff frequency. Thls cutoff 1s the break-
point between a low frequency portion of the spectrum
where the output of the filter 1s identical (in the ideal
case) to the input and a hlgh frequency portion where the
output decreases 1in proportion to the inverse of the input
signal frequency. This model was more 1in keeping with
experlence. Elkind concluded that the cutoff frequency
was a function of the neuromuscular time lag of the

human operator.

11



Elkind added an additional refinement --- a phase-lag

- network: Just as the operator has the capability to
anticipate a pending response, he also has the capablility
of holding back 1in his reponse. The latter he may choose
to do to compensate for the dynamic characteristics of
the equlipment he 1s operating. Elkind'!'s complete model
is as follows:

-rs
Ke (TLS+1)

i(e) = (Tys+1) (T 5+1) (2)
Where H(s) = Operator transfer function

K = Operator gain

TL = Operator phase-advance (anticipation)
time-constant

T, = Operator phase-lag (hold back)
time-constant

TN = Operator neuromuscular lag time-constant

r = Operator reaction time

= jorf where J 1s a complex
operator =‘V—1 and f 1is the
input frequency in cps.

Elkind recognized that a human operator, in mathematical
terms, is a very non-linear element, but his model
(Equation 2) 1s founded on the principle of linearity.
The solution to this dilemma 1s to adopt a concept of
quasi¥1inearity in regard to the model. That is, the
coefficients of s are subject to variations both in
time (learning, fatigue, boredom, etc.) and task require-
ments (control gain, rate, force, etc.), but for any given
set of conditions, constant values can be chosen so that
the model will approximately describe the tracking be-
havior of a person operating under those condltions.

12
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Elkind designed an experiment for testing hls model. He
had his subjects sit directly in fronﬁ of a 5 inch diameter
cathode ray tube on which he presented a target (a dot

1/16 inch in diameter) and a follower (a circle 1/8 inch
in diameter). In the case of pursult tracking, the target
was moved horizontally in accord with a predetermined
"input" program and the subject controlled his follower

80 as to keep the dot circled. 1In the case of compensatory
tracking, the dot was held stationary at the center of the
screen, and the "input" program caused the circle to shift
back and forth horizontally. The subject controlled the
circle (by introducing a compensating signal) so as to
keep the circle at the center of the screen. The "control"
in Elkind'!s apparatus was a small, light weight and
frictionless, pencil-like stylus that the subject moved
acress the screen of a second 5 inch oscilloscope. The
latter was located in a horizontal plane in a position
suitable for right-handed operators. The galns between
the controller scope and the display scope were adjusted
for a 1l:1 correspondence. The maximum oontrol/display
movement was 1.0 inch rms; the input consisted of a

composite of sinusoids.

For compensatory tracking, and with appropriate choice of
constants for Equation 2, Elkind was able to show that at
least 97% of the output power in the signal band is corre-
lated with the input when the cutoff frequency is 0.64 cps
or less. The correlation fell to about 90% when the cut-
of f frequency was increased to 0.96 cps, and for compensa-
tory tracking to 2.4 cps the correlation dropped to less
than 50%. He observed that tracking was very easy for
both pursuit and compensatory types when the input was
0.16 cps or less, but became very difficult for frequencies
higher than 1 c¢ps. He observed that his subjects

13



consistently tracked wide band inputs with greater ease
and greater accuracy using pursuilt rather than compensatory
tracking.
Noble, Fitts, and Warren49 tested subjects for their
abllity to track a target which moves in a simple harmonic
pattern. They found that subject performance decreased
steadily as the input frequency was increased, and 5 types
of changes in motor behavior contributed to this decrease:
(1) Variability in phase
(2) variability in amplitude
(3) Variability in the point of termination of
successive flexor or extensor movements
(4) A constant error in matching response amplitude
to the average input
(5) Loss of synchronization with the frequency of
the input.
They concluded that these changes in performance are
interpreted in relation to the hypothesis that man puts
out a patterned response which he predicts will match the
stimulus pattern, observes the output during a sampling
period, and intermittently changes his output pattern.
This conclusion 1is in agreement with Mayne'su7 statement
that the human cperator 1s, in some ways, comparable to
a system consisting of a navigator and an auto-pilot.
Under any one adjustment, the auto-pilot is approximately
a linear system. It functions in a closed loop, the
characteristics of which are readily measureable; however,
the navigator sometimes changes the heading adjustment.
This change alters the loop characteristic; the over-all

system is therefore discontinuous.

McRuer and Krendelug coined the phrase "pre-cognitive"
tracking to describe man's ablility to track a mentally

14
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formed image of a periodic input. This process enables

an operator to compensate for delays (including his own
reaction time) when he has the task of tracking a periodic
wave shape. |

The Experimental Psychology Approach
20

Research by Craik led him to state that, "The human

operator behaves as an in '
The evidence for this is a periodic or wavy nature of
time records of tracking errors. The period 1s somewhere
1 secon but the most
a sensory threshhold or dead zone such that mis-alignments
smaller than a certaln amount evoke no movement, but there
is evidence against this. Periodicity 1is present even

when the display magnification is such that the mis-align-
ments are well above the visual acuilty threshhold and the
periodicity does not change significantly when either the
rate of course or magnification for a given course are
altered. He says these intermittent corrections are
ballistic movements - they have a predetermined time pattern
and are triggered off as a whole and run their course. Hils
work was a hypothesis and aimed at explailning continuous
tracking behavior.

In a 1948 paper, Craik21 reported that the total time
required for making a.tracking decision is approximately
0.5 seconds where 0.2 is for simple reaction time. Of
the remaining 0.3 seconds physiological studies show the
response time of the eye and the time for impulses to be
transmitted up to the optic nerve account for only 0.0l
secondé. Electrical stimulation of the motor nerves and
start of limb motion account for another .0l second, so
Craik concluded that the remaining .28 seconds is

15



the time required by the cerebral process. He sald that
the refractory phase of .5 seconds limits the response to
successive stimuli of. about 2 per second. He says that
stimuli at a higher rate are either disregarded, responded
to later, or cause a general disturbance and conflict in
the operator. The refractory phase is that brief period
immediately following the response of a muscle, nerve, or
other irritable element before it recovers its capacity

to respond to a second stimulus.

The first major work with the refractory phase was
reported by Tel_ford67 in 1931. He found that simple
reactlion time to an ordinary stimulus is considerably
lengthened when the stimulus follows a preceding one at
an interval of less than 1/2 to 1 second.

Hick36 in 1948 reported that the refractory phase has been
demonstrated unequivocally in discrete stimuli experiments
and is probably also true in continuous tracking; there is
a probability that the operator waits until there is a
recognizable and relevant result from his previous response
before considering the next. (This correlates with the
findings of Ferrell, Adams, and Braisted reported earlier.)
Hick performed an experiment that determined that man treats
a series of closely spaced stimull as one complex stimuli
and responds in a single complex way, but hils reaction time
for this complex response to a complex stimull is longer

than it would be for a simple stimulil.

In 1949, Vince71 stated that corrective movements in a
continuous tracking task are initiated, on the average,
each half second. She sald this rate appears to be a
stable feature of the responses made 1in such tracking

situations. She also reported on another experimentYo
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in which she presented subjects with a rapid series of
discrete stimuli. In this experliment, stimull were
presented as groups of black dots on a band of white
paper on a drum which moved at 20 mm/sec. The drum was
screened from. the subJect except for a narrow slit which
was 3 mm wide. The subjects were'required to respond to
each dot by tapping once with a Morse key. The key was
connected to an electro-magnetic marker which recorded
their responses on the original program record directly
below the row of stimuli. FEach record lasted for 95
seconds.

70

Vince found that performance deteriorated rapidly when
the interval between stimuli was less than 0.5 seconds.
She defined performance as the number of correct responses
out of the total number possible for any given test
interval. Her subjects responded successfully to approxi-
mately 90% of the stimuli when the interval was no shorter
than .5 seconds whereas when the interval was decreased

to .25 seconds, the subjects responded correctly to only

about U45% of the possible maximum.

Highlights of Literature Search

1. Human behavior in man-machine systems which have

delayed visual feedback

a) Tracking performance is degraded with transmission-
type delays (Refs. 4, 5, 6, 8, 16, 17, 32, 73).

b) The degradation is a function of both the delay
and course complexity (Refs. 4, 5, 6, 8, 16, 17,
32).

¢) For delays of O to 320 milliseconds, there is an
inverse linear relationship (hypothesized) between
the logarithm of tracklng time-on-target and the
magnitude of the delay (Ref. 73).
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Predictors can be used to negate. the deleterious
effects of visual delays upon tracking performance
(Refs. 8, 16).

Operators naturally adopt a move-and-wait strategy
when confronted with delays of visual feedback
information (Refs. 4, 5, 6, 8, 16, 27, 28, 62).

Real time (no delay) tracking behavior: Servomech-

anists! view

a)

Man's behavior is comparable to a low pass
amplifier which has a built-in (reaction) time delay
and, in some cases, lead and/or lag characteristics
(Refs. 9, 10, 14, 23, 24).

Operator response, in a compensatory tracking
situation, has a high frequency limit (low pass
filter cutoff frequency) of approximately 1 cycle
per second (Refs. 9, 10, 14, 23, 24).

Cutoff frequency is a function of the neuromuscular
time constant of the operator (Refs. 9, 10, 23, 24).
An operator tends to mentally establish a pattern,
and then track same until there 1s an adequate
reason to change the pattern (Refs. 42, 47, 49).
Pursuit-type tracking is superior to compensatory
for tracking wide frequency range input signals
(Ref. 23).

Real time (no delay) tracking behavior: Experimental

Psychologists! view

a)

b)

Man has a refractory phase of approximately

one-half second during which his movements are
triggered off, as a whole, and run their course
(Refs. 20, 21, 36, 70, 71).

The refractory phase 1limits an operator'!s corrective
movements to a maximum of two per second (Ref. 20,

21, 36, 70, 71).

18



Operator probably walts until there is a relevant
result from his previous tracking command before
considering his next (Ref. 36).

Man's tracking performance 1is excellent for all
inputs having an interval between successive
stimull that is greater than the refractory phase
of approximately 0.5 seconds (Ref. 70).

Tracking performance deteriorates approximately i1n
proportion to the time interval (between successive
stimuli) for those intervals shorter than the
refractory phase (Ref. 70).
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Chapter II
TESTS AND THEIR DESIGN

General

Results of the literature search indlcated that operators
of man-machine systems naturally adopt a move-and-walt
strategy when subjected to a visual time delay of feedback
information. It also indicated that pursuit-type tracking
1s superior to compensatory for tracking high frequency
rate input signals. Advantage was taken of both finds.

in the design of an experiment for studying the effects

of visual delay of feedback information 1in a man-machine
system. A block diagram of the system selected 1s shown

in PFigure 1, and is repeated below for convenience:

Qutput .

Display |~ Man | Control —- Delay

Figure 1

Pursuit-Tracking Block Diagram

Two types of input signals were considered: continuous

and step type. It was thought that with either, an
operator probably would resort to a series of discrete
movements in order to minimize his difficulties with the
effects of delay. It is important that tracking behavior
be studied with each type of input, but there is little
question that the use of the natural move-and-wait strategy
1s encouraged more with a step-type 1lnput than a continuous

one. The input, or "course" to be tracked, had eleven
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discrete positions. Courses, special ones for each
delay, were programmed so that both positions and dwell
periods at each position appeared in random order ta the
operator.

The operator had before him a display of both the input
and his delayed output - each with eleven discrete.
positions. He controlled the output with a displacement
type control; that is, a control in which the resultant
output is correlated to the position of the control.

Hypotheses to be Tested

1. Under conditions of zero transmission delay, an
Q

operator pursuilt-tracking a wide-band input has an

upper cutoff frequency of approximately one cycle per

second. (This hypothesis must be true if there is to

be good correlation between this research and the work
by others).

2. Under conditions of T seconds of transmission-type
delay, an operator's upper cutoff frequency (fc) is
controlled by a move-and-wait strategy limitation;
this frequency 1s equal to the inverse of twice the

move-and-wait cutoff period (T) , Or:

£ = 1/27"

where T = Transmission delay (T) plus

operator reaction time (r).

3. Tracking performance at frequencies below cutoff 1is
reasonably predictable.
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C. Approach to Experlments

A block dlagram of the system 1s shown in Figure 2; this
1s, in principle, identlcal to Figure 1 but with the
addition of a "performance recorder'".

____________ I N R |
Input i | Input Display ; T>
(Magnetic Tape i | |(Upper Lights) ||| ] Subject
Recorder) : :- : ]
{ | |Output Display |-
| i (Lower Lights) : 5
Delaying Network [T | erformance
(Magnetic Tape. | ' Recorder
Recorder) ' I Control I {Two track
: Ol | Pen Recorder)
____________ 4 e ______4
Recorder Rack Operator Control Unit
Flgure 2

System Block Diagram

The Installation 1s shown in Figure 3. The subJects sit
before the Operator Control Unit (OCU); a "close-up" of

the OCU is shown in Figure 4. The course to be tracked

1s the upper row of lights. They are 1lluminated individ-
ually by pre-programmed magnetic tape on the upper recorder
(Figure 3). The subject tracks the "course" with the lower
row of lights using the control located at the lower right
of the Operator Control Unit. He controls both the order
and the period of illumination of his lights through a

time delay. This delay of T seconds (T = 0.0, 0.27, 0.50,
1.0, 2.6, 5.0, or 10.0) is inserted by means of the lower
recorder (Figure 3). The time delay is preset for each
test by the experimenter; its value is determined by the

22



A

Figure 3

System Installation

Figure 4

Operator Control Unit
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length of the tape loop. Rollers to accommodate various
lengths are visible in Figure 3.

Light-Illumination Programs

There were seven separate, pre-recorded tape programs

used in the experiments. They were used in various
combinations for each of the seven delay conditions. Each
of the programs was indivlidually designed to be a balanced
"course" for a given delay. "Balanced" is intended to mean
that the course complexity was approximately equally bal-
anced between sections stressing the person beyond his
performance limits and those sections that were well within

his capability for tracking.

Hypothesized Cutoff Hypothesized Cutoff

Delay T Period* ' Frequency

T= (T + r) (r, = 1/27)
0.00 0.30 1.67
0.27 0.57 0.88
0.50 0.80 0.63
1.00 1.30 0.38
2.60 2.90 0.17
5.00 5.30 0.09
10.00 10.30 0.05

¥*
For an assumed human reaction time of 0.3 seconds

Table 1

Hypothesized Cutoff Periods and Frequenciles

Each of these programs was balanced about the hypothesized
cutoff frequencies (or periods) shown in Table 1. These
programs shall be referred to as the 0.00 Second Program,
the 0.27 Second Program, etc.
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The character of the visual input, or stimuli, to the
‘operator's eyes is a series of discrete movements, i.e.,
light #6 (and only light #6) is 1it, then #8 goes on

(#6 goes off) and dwells for 4 seconds, then #2 goes on

(#8 goes off) for .5 seconds, etc. The frequency connota-
tion is from the dwell period of each light, the amplitude
connotation is the distance of light-illumination movement,

and the minimum amplitude being between any two adjacent
lights. Conversion between frequency and dwell period 1is
defined as f = 1/2D where D is the dwell period in
seconds; D 1s also, in the language of the experimental
psychologist, the interval between successive stimuli:

the instant a given.light turns on, the subject receives

a signal to track his row of lights to that position,

when that same given light turns off (another simultaneously
turns on) he receives a signal to track to the next. Hence,
light-illumination period, light dwell period, and interval
between successive stimuli are synonymous terms. The
schedule of dwell periods for the programs 1s shown in
Table 2.

Program Dwell Periods (Seconds)

r T T T T T e e T 1
0.00 4,00 1.00 0.45 0.30 0.20 0.14 0.10
0.27 4.00 1.50 0.75 0.45 0.30 0.20 0.14
0.50 4.00 2.00 1.00 0.50 0.33 0.27 0.20
1.00 12.00 4,00 2.00 1.25 0.75 0.50 0.33
2.60 12.00 6.00 4.00 2.50 1.50 1.00 0.75
5.00 25.00 12.00 6.00 4,00 3.00 2.00 1.00

10.00 50.00 25.00 12.00 7.50 5.00 3.50 2.00

Table 2

Schedule of Light-Illumination
Dwell Periods
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In testing for the effects of visual delay of feedback .
information, it is 1lmportant to minimize the possibllities
of accurate anticlipation of the next light, or sequence
of lights. Such anticipation 1is prevalent in tracking
periodic wave shapes. A subjJect can track a constant
amplitude, constant. period wave nearly as well with delay
as without; he merely antlicipates the wave T seconds
ahead of a T second delay. So, to achleve the effects
being studied, 1t became necessary to eliminate anti-
cipation by randomlzing both the occurances of the dwell
periods and positions of the light-illuminations.

For each program, seven dwell periods were each tested
ten times; so each subject was required to track 70
different light positions for each run of a program.

The light-illumination programs are shown in Appendix A.
The length of each program is a function of the dwell
periods used for the particular delay for which the
program was designed. The length of time required for
each program is shown in Table 3.

Program Length (Minutes)
0.00 1.03
0.27 1.24
0.50 1.38
1.00 3.48
2.60 4.63
5.00 8.84
10.00 17.50
Table 3

Program Running Time
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Test Phases

The experiment was divided into 4 phases:

Phase 1l: Balanced Program Tests for Performance
' versus Delay: light-illumination dwell
periods (the interval between successive
stimuli) were approximately balanced in
number between those longer than the hypo-
thesized cutoff and those shorter.

Phase 2: Short Dwell Period (High Frequency) Tests
for Evaluating the Effects of Course
Complexlty: 1light-illumination dwell periods
were predominantly shorter than the hypo-
thesized cutoff period.

Phase 3: Learning Tests:

Same Course (0.5 Second Program) tracked
repeatedly by operators to observe learning
behavior.

Phase 4: Open-loop Tests:

Same Course (0.5 Second Program) tracked
repeatedly by the operators under conditions
of no visual feedback to observe open-loop

performance.

Performance Versus Delay (Phase 1)

In the experiment, major emphasis was placed upon the
Phase 1 Tests. These tests used the balanced course
programs dlscussed previously. The obJectives of the
Phase 1 Tests were aimed at learning answers to the
following:
1. How well are subjects able to pursult track a
course that provides ample time for applying the
move-and-walt strategy?
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2. What 1s their performance degradation when forced
to track at a rate beyond the move-and-walt strategy
1imit?

3. Where 1is the_cutoff point between these two extremes?

Effects of Course Complexity (Phase 2)

The Phase 2 Tests were purposely biased in the direction
of forcing the subject to operate beyond his cutoff point.
The 0.0, 1.0, and 2.6 Second Programs were used for these
tests but with longer delays than those for which they
were originally designed. The programs used with each
delay in the Phase 1 and 2 Tests are shown in Table 4.

Delay (Seconds) Programs - Phase 1 Programs - Phase 2
0.00 0.27 0.00
0.27 0.27 0.00
0.50 0.50 0.00
1.00 1.00 0.00
2.60 2.60 1.00
5.00 5.00 1.00
10.00 10.00 2.60
Table 4

Program Schedule: Phases1l and 2

Phase 2 Tests provided opportunity to study:

1. Effect of course complexity upon tracking performance

at a given delay.

2. Effect of different delays upon tracking performance

with a given course.

The combined Phase 1 and 2 Tests allowed observation of two
different programs at each delay, the 0.00 Second Program
at four different delays, the 1.00 Second Program at three
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different delays, and the 0.27 and 2.60 Second Programs
at two different delays.

Learning (Phase 3)

The Phase 3 Tests were part of a limited study of the
effects of learning in the experiment. In the design of
Phases 1 and 2, it was recognized that a learning period
was required by each subJect at each delay condition.

The experliments were desligned so that each subJect went
through an unscored period for each delay Just prior to
running the Phase 1 and 2 Tests at that same delay. Each
of these learning periods was approximately one half the
time duration of the Phase 1 Program for that delay. The
course programs for these learning sections were designed
in exact accord with thelr Phase 1 counterparts. They too
had light dwell periods and positions that were established
from random-numbers tables. The bilas effects of learning
were reduced 1in Phases 1 and 2 by randomizing the order of
presentation of the different delays to the subjects.

For Phase 3, subjects tracked the 0.5 Second Program ten
consecutive times. Observation of thelr respective per-
formances 1in tracking successive runs showed the effect
of learning with this one program.

No attempt was made to study the effects of transfer of
learning with one delay to tracking behavior with another.
The "transfer effect" was not considered unimportant, but
it was felt that the effects would be sufficlently small
to Justify a postponement of study of same until a future
date.
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Open-Lioop Performance (Phase 4)

A serious. questlion 1s raised when one considers tracking
behavior at fréquencies higher than the limits imposed
by the move-and-walt strategy. The subject is forced to
move a second time (and maybe a third) before he receives
knowledge-of—results. So the question is as follows:
under these conditions, to what extent does the subject
approach "open-loop" performance? Phase U4 was aimed
toward answering thls. The same subjects involved in
the Phase 3 tests were given the task of tracking the
0.5 Second Program five consecutive times under the con-
dition of no visual feedback (the lower row of lights
were masked). They handled this assignment immediately
following the Phase 3 Tests.

Since Phase 4 always followed Phase 3, the results can be
assumed to be biased in favor of the open-loop tests.

SubJects.and Tests

Thirty-six Stanford Unlversity students were used in the
four phases of tests. None had had prior experience with
deslgn or construction of the experiment or experimentation
equipment. They were in the 20 to 30 age bracket and were
right-handed.

Subjects l ~ 31 were involved with the Phase 1 and 2 tests,
and subjects 32 - 36 with Phases 3 and 4. Subjects 1 - 6
performed only half the tests (see Appendix B); they were
used as a pilot run for evaluating the system. Thelr tests
required 51 minutes per subject; the full bank of tests
taken by subjects 7 - 31 required 72 minutes. The data

of the first six showed no peculiarities that warranted

the exclusion of it from the final averages.
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The total testlng program assoclated with Phases l and 2
included the adminlistering of 392 tests to thirty-one
subjects. From this number, nineteen tests were lost
because of elther equipment malfunctlion or mistakes by

~ the experimenter. No subjects were "re-runs" to recoup

lost data.

The experimental data, including the nineteen gaps, appear
in Appendix B.

Equipment

The number of discrete steps for the input-signal display

was chosen at five steps each side of a center position.

This was a compromlse between a desire for many steps to
improve the chances for correlation with continuous lnputs
and a desire for few steps to aid the subject in distinguish-
ing between steps.

P~ Taad el AT Arro
V Lilc Clcvell

Lights readily lended themselves to providing a large
display for the subjJect, and largeness has the advantage of
minimizing his doubt as to the exact location of the light
that is 1i¢t.

The light-illumination dilsplay system was designed around
two audio-type magnetic tape recorders. One was used

for programming the upper row of lights (Figure 4), and
the other was used for Inserting a delay between the
subjectls control-commands and the lower row of lights.
For either recorder, the character of the recorded signal
on the magnetic tape 1s the same: a serles of bursts of
constant amplitude, constant frequency, audlo tones. Each
burst was assoclated with the 1llumination of a given
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Rear - Operator Control Unit
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light, so there were eleven discrete frequencies involved
in covering the full range of lights.

Frequency Generators

The special electronics for the system are located at the
rear of the Operator Control Unit (Figure 5). The lower
section lncludes eleven separate Wien-bridge oscillators
to provide the light-illumination frequenciles. Output of
each of the oscilllators is to a multiple position switch
that 1s the operator's control; it is located at the lower
right of the Operator Control Unit (Figure 4). The fre-
quency at the switch output i1s a function of the positidn
of the control. The schematlic for a typlcal oscillator
and accompanying circuiltry is shown in Figure 6.

"Frequency Sensling Clrcuits

Each of the other two sections of electronics (Figure 5)
energlze individual lights 1n accord with the burst
frequency present at 1ts input. The upper section 1is
associated with the upper tape recorder (Figure 3) and
upper row of lights (Figure 4); the middle section with
the lower recorder and lower row of lights. Both sections
are ldentical. Each consists of eleven separate channels
where all channels are ldentical to one another except

for the values of two elements 1n a frequency sensing

clrcuilt.

The schematic for a typlcal single channel is shown in
Figure 7. The clrcult consists of a tuned amplifier
which has L and C values chosen to provide peak amplifica-
tion at the appropriate burst frequency. The amplified
signal 1s then fed through an emitter-follower isolation
stage to an ampllitude detector that converts the oscilla-
ting lnput to a dc voltage for triggering a Schmidt
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trigger clrcuit. The latter acts as a toggle switch to
control the voltage to a NE-51 type neon light: if a
frigger voltage of over a certain minimum amplitude is
present, the light is flipped "on", if the input amplitude
to the Schmldt trigger drops below a minimum, the light

1s flipped "off". The latter circult not only acts as

a silent and faét acting light switch, but it also pro-
vides a source of steady dc voltage that 1is present when-
ever the particular light is illuminated. Adjustment (R)
was made so that each channel has a unique value of voltage
assoclated with illumination of its light. These voltages
(from each of two sections) were fed to the appropriate
channel of a Brush Mark II pen recorder.

Transmission-Type Delay

The lower of the two recorders (Figure 3) was equipped
with a series of rollers to accomodate different lengths
of tape between the magnetic record head and the playback
head. The subject'!s control commands were put on tape at
the record head and were delayed by the length of time
required for the tape to traverse the rollers and reach
the recorder'!s playback head. The length of loops varied
from a 2" minimum spacing for 0.27 second delay to a
maximum of 75" for 10 second delay. For zero second delay,

the recorder was by-passed.

Manual Control

This was one of the greater problem areas in the system
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changes involved in operating controls; (3) tactile
feedback from a multitude of different sources (and many
of them may be subconscious), l.e., location of set screws
in knobs, a nearby object (perhaps another knob) that is
elther touched or brushed during the controlling task,
etc. Still another form is proprioceptive feedback: a
person doesn't have to either look at his finger or touch
something to know which direction he 1s polnting; this
latter form of feedback 1s ublquitous in every man-machine
system. And, of course, there 1s the well recognized visual
feedback.

Since this thesis was concerned with the effect of delay
of visual feedback, 1t was imperative to reduce other
forms of feedback to a minimum to avoid their paralleling
effect; the latter would have distorted the effect being
sought.

Auditory feedback was eliminated by not using relays,
detented switches, or other noise producing devices that
would be related to the manual-control position. Kine-
sthetic feedback was minimized by makling the control very
lightweight and nearly frictionless. But proprioceptive
feedback was not so easily minimized: 1t was learned
during preliminary testing of the equipment that the
subjects will naturally seek out proprioceptive feedback
cues as a means of either minimizing or avoiding the
mental frustrations of tracking wlth a delay of visual
feedback information. This proprliloceptive feedback 1is
maximum when there 1s one-to-one correlation between

the positions of the control and the display. For the
preliminary tests of controls, full range rotations of
90, 180, and 270 degrees and knob diameters of 1/4 to 4"
were tried; in each case the subjects (five total) resorted
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to the sﬁrategy of firmly grasping the knob and mentally
imagining a pointer connected to the knob (or theif hand)
which they could correlate with light positioh.- With such
strategy, they soon could ignore the lower row of lights.
As one of the subJects saild, "Once I have used the lower
row (of lights) to establish calibration, I could do much
better 1f you would turn them off. I find their delayed
response more confusing than aiding". Another of the
subjJects said, "Put in any delay you want to - it won't
bother me - I'm not using the lower row of lights anyway!"
The manual control had to be designed so as to minimize

the use of such strategy.

The final design of control used a 3 3/8" diameter knob
that was located behind a slotted (or windowed) panel
(Figure 4). The design forced the subject to use finger
tip control. PFurthermore, the control required a 180°
rotation to move the light illumination from #1 to #11
position; the slot dimensions ln the panel allowed only
60° rotation unless the subject moved his finger (or
fingers) to another location. This complication added
to the fact that the control had no stops, was light
welght, nearly frictlonless, and identical to the touch
anywhere along 1lts periphery made for poor kinesthetic,
tactile, and proprioceptive feedback. The subject had to
rely heavlily on visual feedback throughout the tests to
keep himself callbrated.

The problem of posslible conflict between visual and
kinesthetic/tactile feedback was recognized by Elkind23
who sald, "It was assumed that only visual stimuli are
important and that the human operator obtalins little
useful propriloceptive or kinesthetic information about
the position of his hand. With a light and frictionless
control this assumption is not too drastic'.
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Since Elkind used a 1l:1 relation between his control and
display (reported earlier), one must question the validity
of Elkind's assumption. The saving grace 1s thatlhe was not
workling with delays external to the operator. In reality,
he studied tracking behavior with visual, kinesthetic, '
and proprioceptive feedback; without external delay there
was negligible conflict between these different forms of
feedback.

Test Procedures

All subjects were glven ldentical verbal indoctrination.
They were told the following:

SubjJect Indoctrination

1. The experliment 1s to study man's behavior when
subjected to visual delay of feedback information.

2. The subJect 1s of interest because of:

a) PFuture needs of remotely controlled equipment
in space.

b) Possibilities of learning more about the
effects of human reaction time delays by
exaggerating these effects through external
delays.

3. The problem is one of tracking: The upper row of
lights are pre-programmed from magnetic tape; they
(the subjects) have control over the lower row of
lights.

L. They are to match (in proper sequence) the light
positions of the upper row with their lights in
the lower row.

5. They are to try to also match the perilods of
light-illumination as best they can, but this is
secondary in importance to matching the positions.
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6. Delays (0.0 - 10.0 seconds) will be inserted
between their control and their (lower row) lights;
they will be informed of the delay and- given a
.warm-up perlod at that delay.

T. The delay tests will be presented in random
sequence.

8. Some of the input-light moves will be so fast that
they cannot be followed; don't worry about it, but
try to follow as best as possible.

9. Use a rigid finger technique for moving the control.

10. Touch only the control; try to avoid touching the
periphery of the window opening.

11. Place the pillow under elbow in as comfortable a
posltion as possible.

12. A few minutes break can be taken between tests if
desired.

The above twelve point indoctrinatlion was followed pre-
cisely for Phases 1 and 2 subJjects; for Phases 3 and 4,
point 6 was modified to be "all tests will be with a single
program and a single delay (0.5 seconds)" and point 7 was
deleted.

Order of Tests

Phases 1 and 2 were treated as a single bank of tests.

The seven programs were on a single roll of magnetic

tape; it was fast wound to the sectlons as dictated by
the random order selected for the subject. At each delay,
the subject first went through the warm-up period, then
the Phase 1 Test and finally, the Phase 2 Test.

For Phases 3 and 4, subjects tracked the 0.5 Second

Program with visual feedback (Phase 3), and then immediately
ran additional tests without visual feedback (Phase 4).
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Chapter III
RESULTS OF TESTS

General

Results of the Tests of Phases 1, 2, 3, and 4 are presented,
in order, in this sectlon. The results from the individual
phases will be dlscussed as they are presented, but dis-
cussion pertaining to the interrelation of the different
phases will be reserved for Section IV. "Discussion of
Results".

In the following presentations of Phases 1 and 2 test
results, the data has been plotted on semi-logarithmilc
paper in accord with well-founded conventions of the
servo-mechanism fleld. The horizontal scale 1s logarithmilc
in terms of frequency; the vertlical scale is linear, but
the data is plotted logarithmically. With such a plot,

any two quantities that have an inverse relatlon t6 each

other will appear on the graph as a stralght line.

The raw data for the Phase 1 and 2 graphs 1s shown in
Appendlx B. The data has been manipulated for graphical
display as follows: the "Interval D Between Successive
Stimuli" has been converted to its frequency equivalent

f = 1/2D ; this has been plotted as the abscissa for the
graphs. A number of the intervals (D) also have been
shown along the top of each sheet. The ordinate of each
graph 1s plotted as 20 1oglO of the mean performance
ratio. Mean performance and mean standard deviations,
along with the individual subject scores, are shown in

- Appendix B.
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Scoring

Scorling was based on a hit-or—missed approach. The primary
goal of each subjJect was supposed to be to track positions
of light-illuminations (see Test Procedures); their secondary
goal was to match dweli perilods. Some subjects chose a
cautious approach of moving, in a series of steps, to thelr
eventual destinatlon; others would take a large step (and
sometimes overshoot) and then correct with a smaller step

or two; and there were those who would make a half-hearted
attempt to hit the lights with short dwell periods, and

then lay-in-walt for the longer ones. The latter were
particularly difficult to score because often 1t was not
clear as to which light they were attempting to hit. Score-
ing on a hit-or-missed basis seemed to be a practical
solution to the dllemma. Thils approach provides a measure
of a subject's degree of success 1n tracking positions he

is supposed to track, but 1t does not give a measure of the
distance by which he misses.

A subject was scored on the basis that he had 10
opportunities to hit each of the seven different dwell
periods presented to him in each test. If he hit all 10,
hls score would be 1.00; if he hit only 7 of the total
possible (lO), his score would be .70 etc. The experil-
mental data in Appendix B 1s presented on this basis.

Performance versus Delay (Phase 1)

A minimum of 23 subjects were involved in the test
program for Phase l. The subjects pursult-tracked seven
different programmed courses, one for each of seven
different delays: 0.0, 0.27, 0.50, 1.0, 2.6, 5.0, and
10.0 seconds. Each of the courses was intended to be
approximately balanced about the hypothesized cutoff
point for the respective delay.

42



The experimental data is graphed.in Figures 8 through 14.

(The Figures also show Phase 2 data which will be discussed

later).

All seven graphs show that performance is best at the
longer intervals between successive stimuli, or synonymously,
lower frequenciles.

The graphs also show a trend for performance to deteriorate
with Increases in transmission-type delays. Thils degradatlion
can be observed better in Flgure 15 whlch shows the Phase 1
experimental results as a family of graphs. If the cutoff
frequency 1is defined as that polint where the performance
ratio falls to 0.707, then 20 log of this ratio equals -3.

So the intersection of the -3 ordinate and each of the
graphs in Flgure 15 mark the cutoff frequency for that
delay. There 1s precedent for picking the ratio of 0.70T7:
performance of low pass fllters, which have a single
frequency-dependent element, have a natural breakpolint at

a frequency where the output amplitude is 0.707 of the
input. The breakpoint would appear, on the type of plot
belng used, as the 1lntersectlon of a horizontal line through
an ordinate of O and a line having a negative MBO slope
through those performance polnts well beyond cutoff.
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Delay T Cutoff Frequency f Cutoff Period D

(Seconds). (Cycles/Second) °©° (Seconds)
0.00 0.78 0.64
0.27 0.33 ' 1.5
0.50 0.18 2.8
1.00 0.14 3.6
2.60 0.066 7.5
5.00 0.050 10

10.00 0.028 19

*
D = 1/2fco
Table 5

Measured Cutoff Points: Phase 1

Table 5 shows both the measured cutoff points (as picked
from Figure 15) for each of the given delays. Clearly,
this cutoff frequency 1s seriously affected by trans-
mission-type delays. Even that which is approximately
equal to human reaction time (0.27) seconds) lowers the
cutoff frequency to less than half that for "real" time
(0.00 second delay). A delay equivalent to that which would
prevall in remotely controlling a vehicle on the moon (with
l1ts operator on earth) would decrease the performance
cutoff by an order of magnitude from that which would exist
without the 2.6 second delay. For the case of no external
delay of visual feedback information, the cutoff frequency
for Phase 1 Tests was 0.78 cps. This is lower than an
expected cutoff of 1 c¢ps; this, and other comparisons of
results to hypotheses, wlll be covered in Section IV.

Effects of Course Complexity (Phase 2)

A minlmum of 22 subjects participated in this Phase. These
subjects, without exception, were also involved in the Phase
1l Tests. All conditions were ldentical to those of Phase 1
except for the complexity of the programmed courses. For
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this Phase, they tracked the 0.00 Second Program at 0.00,
0.27, 0.50, and 1.00 seconds delay; the 1.00 Second Program
at 2.60 and 5.00 seconds; and the 2.6 Second Program at
10.0 second delay. For each of the tracking tasks, the
subject was presented with a "course" having light-illumina-
tion dwell periods that were predominately shorter (higher

frequency) than the hypothesized cutoff point.

Mean performance results for Phase 2 are shown in Flgures
8 through 14. Each of these Filgures show the performance
results of subjects tracklng two different courses at the
same delay. In each case, the Phase 2 course 1ls purposely
more difficult than the Phase 1. Figures 8 through 14
show subject performance to be generally poorer wlth the
more complex Phase 2 course.,

The Phase 2 results can best be explained in terms of

the composition of the two programs tracked at each of

the delays and the hypothesized cutoff period associated
with that delay.

Table 6 shows that an operator has more opportunities to
exercise a move-and-walt strategy with Phase 1 Programs
than with Phase 2. In the case of Phase 1, he has three
(or four at the most) dwell periods for each delay that
are sufficiently long to allow use of the strategy. For
Phase 2, he has fewer. Obviously, he has a better chance
in the Phase 1 Tests of keeping himself calibrated than
with Phase 2; l.e., he 1s in a much better position of
knowing how much to turn the contrcl to hit those lights
having a dwell periocd of less than one delay time. If
the number of dwell periods shorter than cutoff were
ldentical for Phases 1 and 2, 1t would be reasonable to
expect the average subJect performance to be better for
Phase 1 Tests than for Phase 2. If the tracking task 1is
made stilll more difflcult by increasing the number of
dwell periods that are shorter than the cutoff period, there
is llttle doubt that the tracking performance would
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0§

Dwell Periods

Dwell Periods

Program Ccmparison:

Table 6

Phases 1 and 2

Longer Than Hypothesized Shorter Than
Delay Phase Cutoff Cutoff* Cutoff
( Second) (Seconds) (Seconds) (Seconds)
0.00 1 4,00 1.50 0.75 0..45 0.30 0.30 0.20 0.14
0.00 4,00 1.00 0.45 0.30 0.30 0.20 0.14 0.10
0.27 4,00 1.50 0.75 0.57 0.45 0.30 0.20 0.14
0.27 4.00 1.00 0.57 0.45 0.30 0.20 0.14 0.10
0.50 1 4,00 2.00 1.00 0.80 0.50 0.33 0.27 0.20
0.50 4,00 1.00 0.80 0o.45 0.30 0.20 0.14 0.10
1.00 1 12.00 4.00 2.00 1.30 1.25 0.75 0.50 0.33
1.00 2 4.00 | 1.30 1.00 0.45 0.30 0.20 0.14 0.10
2.60 1 12.00 6.00 4,00 2.90 |} 2.50 1.50 1.00 0.75
2.60 12.00 4.00 2.90 2.00 1.25 0.75 0.50 0.33
5.00 1! 25.00 12.00 6.00 5.30 4,00 3.00 2.00 1.00 .
5.00 2 i 12.00 5.30 4,00 1.25 0.75 0.50 0.33 ?
. 1 :
| 10.00 ! 1 | 50.00 25.00 12.00 |10.30 | 7.50 5.00 3.50 2.00
j 10.00 w 2 12.00 | 10.30 t 6.00 4,00 2.50 1.50 1.00 0.75
*Transmission delay plus an average operator reaction time of 0.3 seconds
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deteriorate still further from. the Phase 1 level.  Phase
2 Tests are an example where there are both fewer periods
longer than cutoff and more periods shorter than cutoff.
The results shown in Figures 8 through 14, i.e., general
performance falls off with increased complexity at any
delay, seem reasbnable in light of the above argument.

The Phase 2 Tests provided opportunity to observe the 0.00
Second Program at each of four delays and the 1.00 Second
Program at each of three delays. Comparlisons of these sets
of results are shown in Figures 16 and 17 respectilvely.

Both Figures show a general tracking performance degradation
with increased delays. But it is difficult to make any
claims as to the magnitude of the degradation because it
appears to be a function of frequency of the input signal
being tracked. Furthermore, there are specific frequencies
at which performance seems to be enhanced by increases in
delay; an example is 0.5 cps at 1.0 second delay in Figure 16.
This dichotomy will be discussed in Section IV.

Figures 18 and 19 are plotted with data from Figures 16

and 17 respectively. They show the necessity of consider-
ing the range of frequenciles (course complexity) of the
input before trying to consider the magnitude of general
performance degradation due to delay. Thils becomes evident
by conslidering the effects of course frequency upon tracking
performance in a system having a (i.e.) 0.50 second delay

of visual feedback information.

If the frequency content of the path to be tracked is

0.125 cps, the tracking performance would be degraded by
approximately 1.1 decibels or 11% (Figure 18) from tracking
a comparable course wilthout delay. If the frequency were
increased to 0.50 cps, the performance degradation would

be approximately 7.0 decibels or 55%, but if the course
were made still more complex, l.e., 1.1 cps, the degrada-
tion would be only 4.5 decibels or 41%.
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It is apparent that course complexity is a majJor factor

in arrivine at guantitative statements regardinge trackin ner
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Five subjects reéepeated the 0.5 Sécond Program 10 consecu-
tive times under the conditlions of a 0.5 second visual
delay. For each run, each subJect was presented 70 differ-

ent light positions to track. Scoring was done on a basis
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of total correct responses per subject per run. Therefore,
TO would represent a perfect score for each of the runs.

The results (see Figure 20) show an upward trend in per-
formance for all subjects. A straight line approximation
of the mean performance versus run number has a positive
slope of 0.60; it is significantly different from zero
slope to a confidence level of 99%. The grand mean for
the ten runs is 30.56 with a standard deviation of 2.48.
By the nature of this test, it is difficult to separate
"learning how to operate with 0.5 second delay" from
"memorizing the 0.5 Second Program". It seems reasonable
that with sufficient practice at running the same program,
the subject could eventually memorize the program suffici-
ently well to make a high score without looking at the input.

Open-loop Performance (Phase 4)

The same five subjects involved 1n the Phase 3 Tests ran
an additional five runs of the 0.5 Second Program (at 0.5
second delay), but this time without visual feedback.
Just prior to the beginning of each run, the subject's
control was adjusted to the center light (#6) position.
After that, the subject performed as best he could and
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relied only on proprioceptive and klnesthetic feedback.
The results are shown in Figure 21. The grand mean for
25 runs is 14.5 or less than half the average of 30.6
which the same group reallzed on the Phase 3 Learning
Tests. Not only 1s the mean tracking performance poorer

when there i1s no visual feedback, the variability (as a

-percentage of the mean) is much greater:

Phase 3 Phase 4

Grand Mean 30.56 14.48
Standard Deviation 2.48 2.46
As Percent of Mean 8.1% 17.0%

If one assumes normal distribution as a flrst approximation,

95% of the population of subjects would have a score of
between 25.60 and 35.52 for each of the Phase 3 Tests
and between 9.56 and 19.40 for each of the Phase 4. The
latter fall Into the region of random performance.

It seems safe to say that the subjects relied heavily
upon visual feedback to achleve thelr high scores in
Phase 3. These results also are a measure of the success
of the design of the manual control system.

The latter was designed to minimize the paralleling
effects of kinesthetic, tactlle, and proprioceptive
feedback (see "Equipment") so that the study would involve
primarlly visual feedback.

Test results, means, and standard deviations are shown
in Appendlx B.
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Chapter IV

DISCUSSION OF RESULTS
General
The Phase 1 Tests show that performance deteriorates wilth
increases in transmission-type delays. The Phase 2 Tests
show that performance deteriorates with increases in
course complexity. Quantitative cutoff frequencies for
Phase 1 Tests (see Table 5) and comparable performance

cutoff frequencles for Phase 2 Tests are shown 1n Table 7
and plotted in Filgure 22.

Delay Phase 1 Tests Phase 2 Tests
(Seconds) Cutoff Frequency (cps) Cutoff Frequency (cps)

000 0.78 0.56

0.27 0.33 0.22

0.50 0.18 0.17

1.00 0.14 0.13

2.60 0.066 0.072

5.00 0.050 0.043

10.00 0.028 -———

Table 7

Measured Cutoff Frequencies: Phases 1 and 2

It is evident that as the delay increases beyond approxi-
mately 0.5 seconds, the cutoff frequency becomes progres-
sively less affected by course complexity and becomes
primarily a function of the transmission delay (T) alone.
For delays larger than 1.0 seconds, the cutoff frequency
(fdo) for either the Phase 1 or Phase 2 Tests can be
approximated by the following:
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Q.14 (3)

Where f__ = frequency (cps) at which tracking
performance falls to TO.T% of a
perfect score.

T = Transmission-type delay (seconds).

There 1s questlion as to the extent Equation 3 is applicable
over a wlde range of course complexities. The answer
hinges upon the range of complexities of the courses
assoclated with the Phases 1 and 2 Tests. Are they suffic-
iently different in complexity to represent a "wide range"?

Table 6 shows that the two courses associated with the 1.0
second delay represent the widest range tested at any of
the delays. The measured cutoff frequencies for the 1.0
second delay tests are shown in Table 7. A comparison

of the Phase 1 and 2 programs 1ln respect to these cutoff
frequencies is shown 1in Table 8.

Frequencies (cps) Tracked

Phase 1 Phase 2

0.04 0.13

0.13 0.50

0.25 1.11

0.40 1.67

0.67 2.50

1.00 3.60

Measured Cutoff 1.50 5.00
(Table 7) 0.14 0.13

Table 8

Program Comparison: 1.00 Second Delay
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Table 8 shows that both tests force the subJect to

respond predominately at a rate above the measured cutoff.

The Phase 1 Course had only one point (.04 cps) appreciably
below cutoff, and the Phase 2, none. The subjects! abiiity

to calibrate themselves at the .04 cps point in the Phase

1 Test was noticeably good. Twenty-nine subjects correctly
responded. 94% of the time; see page 100 (Appendix B); Whereas
for Phase 2, twenty-two subJects responded correctly to the
lowest frequency (.13 cps) only T72% of the time; see page 107,
Appendix B) So calibration on the lowest frequency (longest
light dwell period) was superior for the Phase 1 Test.

Comparing the other end of the spectrum, for Phase 1, the
subjects were required to track a frequency 10.7 times
cutoff; for Phase 2, 38.4 times cutoff. For Phase 1,
twenty-nine subjects successfully tracked the 1.5 cps input
32% of the time (p. 100); for Phase 2, twenty-two subjects
tracked 5.0 cps only 1l4% of the time (p. 107 ).

It seems reasonable to conclude that Phases 1 and 2 Tests
at 1.0 second delay represent a wide range of course
complexities, yet Equation 3 appears to be a good approxi-
mation (within 10%) of the cutoff frequency for each.
Equation 3 also should prove to be a good approximation
for a wide range of course complexitles at delays greater
than 1.0 seconds. For frequencies lower than cutoff,
operator tracking performance approaches a perfect score
(ratio of correct responses to total possible equals 100%).

The Phase 3 (learning) and Phase 4 (open-loop) tests show
the heavy reliance subJects place upon visual feedback of
results of their previous control commands. It is evident
that they operated the equipment as an intermittent
closed-loop (man-machine) system. If typical closed-loop .
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characteristics prevall, then the over-all system
response should show a degradation in performance at
each of those frequendies where the transmilssion-type
delay, the subject reaction time, and the phase lead or
lag factors cause a phase reversal of the feedback in-
formation. With such a reversal, the subject would feel
that he 1is responding correctly to the input when -
actually - he would be out of phase with what he should
be doing. Such reversals also should occur at every
higher frequency that introduces an additional 360 degrees
of phase shift; these are the harmonics of the lowest
frequency at which 180 degree phase shift 1is introduced
in the feedback loop.

Each of the graphs in Figures 8 through 14 were plotted
with only seven points, so it is impossible to pick-off,
with any reasonable accuracy, the frequency of each of
the performance degradation troughs. Ncnetheless, each
of the graphs does show a trend for the performance to be
fairly smooth from zero (cps) to the first trough and
then go through a series of peaks and troughs at higher
frequencies -- as 1s to be expected from a closed-loop
analysis. The latter will be shown in conjunction with

the development of a model.
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B.

Development of a Model

The Figure 1 block diagram can be redrawn as follows:

Man -—
nput (Open-loop) | Controll | peigy Output.
Hl's) K. T
D
| Man
[Closed-loop)
H,(s)
3 /
Figure 23
Expanded Block Diagram: Pursult-Tracking
Hl(s) is the transfer function (see Equation 2) of a
anhiart oneratine onen=1non 1 a no ffeedharl { =)
UMU'J\J\/V V.bl\a-l- uU-J..l.J.b \J.lJ\/J.L -LVVH’ v s e b A R A A 49 \U,

p L] J.J2-
is the transfer function of the same subject operating

closed-loop, l.e., wlith feedback. KC is the transfer
function of his manual control and can be assumed to

have (in this case) a constant value for all frequencies.
The delay (T) is the transmission-type delay. When the
subject operates "open-loop", he performs without benefit
of vilisual feedback, in thls case, he would make control
movements 1n response to the input alone. When he operates
"closed-loop", he performs in response to the difference
between the 1nput and output; this difference 1s developed
across the differentlial element D in Figure 23. A person,
pursuit-tracking an input, switches hls attention back

and forth between "open-loop" and "closed-loop" response
as he sees fit. This "switching" process obviously alters
Hl(s) and H2(s) accordingly. '
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H2(s) 1s within the closed-loop which includes the delay
(1); Hl(s) is presumably independent of T since it is
part of an open-loop. It would be helpful to have
quantitative information in regard to the way a subject
shifts back and forth between Hl(s) and Hg(s) .
Unfortunately, this information 1is not available from
elther thils research or the literature. Hl(s) is a
necessary part of any pursult-tracking, but 1t 1s apparent
from the Phase 4 Tests that it 1s secondary to the role
of H2(s) in this study. Therefore, as an approximation,
Figure 23 can be simplified to the following:

Input Els OQutput

Man > Control Delay q(s)

H(s) K, T(s)

Figure 24

Simplified Block Diagram

In the above diagram, H(s) 1is the open-loop transfer
function of the human operator. In terms of a continuous
model, this can be represented by Equation 2 but where
the lead time-constant (TL) and the lag time-constant
(TI) are both equal to zero. This action is justifiable
on the grounds that the experlimentation equipment was
designed to eliminate (1) the possibility of successful
anticipation (TL = 0) by the operator and (2) the need
for operator compensation (TI = 0) for its dynamic
characterlstics. The simplified version of Equation 2 1s
shown as Equation 4.
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Kh e~ T8
H(s) = — (4)
TNs+1

Where H(s) Operator transfer function

M

Kh.= Operator galn
TN = Operatbr neuromuscular lag time-constant
r = Operator reaction time

s = j2rf where J 1s a complex
coperator ='V—1 and f 1s the
input frequency in cps.

In Figure 24, the error signal is:

E(s) = Input - Output
I(s) - O(s)

The system transfer function is defined as W(s) where
the latter is:

o(s) B E(s) H(s) L T(s)

W(s =
(e) I(s) I(s)

and where

o(s)

E(s) H(s) K, T(s)

[1(s) - o(s)] H(s) K, T(s)

K, I(s) H(s) T(s) - K, 0(s) H(s) T(s)

(5)
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From Equation 5,

o(s) Kc H(s) T(s)

= (6)
I(s) 1+ K, H{s) T(s)

W(s) =

By substituting Equation 4 into 6 and by transforming

T(s) to its La Place equivalent of e *° , Equation 6
becomes:
rs _-Ts
KC Kh e e
T.s + 1
W(s) =
-rs _-Ts
KC Kh e e
1+
TNS + 1
And combining terms and simplifying,
K
W(s) = (7)

eTS(TNS + 1) + K

Where K = K Kh = System gain

System delay

i
=
+
-3
i

and T
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Since e*™ can be expanded into i1ts real and imaginary

components where

e"® = Cos wt + J Sin wt

and w = frequency expressed in radlans = 27vf
Equation 7 can be rewritten as |

K

W(s) =
) Cos wt-wT,, Sin wt + K + J(wTN Cos wT + Sin wT)

N
(8)

Equation 8 was programmed on a computer for each of the
transmission delays (T) and with a series of values for
K, TN, and r . The objJjective was to find a combination
of’ quasi-llinear values for each delay that would cause
Equation 8 to describe the experimentally determined
performances (Figures 8 - 14) up to the respective cutoff
frequencles. Table 9 shows the values of K and TN
that seemed to provide the best-fit.

*
Delay T System Delay T System Gain K Neuromuscular

(Seconds (Seconds) Lag Ty (Seconds)
0.00 0.30 0.50 0.45
0.27 0.57 0.70 0.45
0.50 0.80 0.70 0.45
1.00 1.30 0.60 0.45
2.60 2.90 0.50 0.45
5.00 5.30 0.40 0.45
10.00 10.30 0.40 0.45

. : _
Based upon human reaction time delay of 0.3 seconds which
was typileal

Table 9

Best-Fit Values for Mathematical Model

65



Comparisbn of'Experiment and Model

Curves for Equatlon 8, with values from Table 9,afe shown
in Figure 25. The plof is made to a horizontal scale that
is identical'to that used for Flgures 8 through 17. The
vertical scale 1s plotted on the basis of "20 log of the
performance ratio" just as for Figures 8 - 17, but the
criteria for establishing the performance ratlo is not
the same. For the mathematical model, the plot is based
upon the ratio of output amplitude O0(s) to input
amplitude I(s); for Figures 8 - 17, the graphs are based
upon the ratio of the correct responses to the total
possible correct responses (at a given frequency). For
elther criteria, a perfect score 1s represented by a
performance ratio of unity; thls appears as a value of
"Oo" on the ordinate axis. 1In the case of scoring of
subjJect performance for the Phases 1 and 2 Tests,. per-
formance degradation necessarily appears as a negative
value. Fog the model, performance (compared to a perfect
S

score of T%E%'= 1) can have either a positive or a

negative value depending upon the constants and the
frequency. If cutoff for the mathematical model is defined
as that frequency where the performance departs from a
perfect score by 3 decibels (20 log. .707 or 20 log 1.414),
the cutoff frequency comparison for the model and the
experiment 1s as shown in Table 10 and Figure 26.
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Delay Mathematical Model Phase 1 Tests
(Seconds) Cutoff Frequency (cps)* Cutoff Frequency (cps)¥**

0.00 0.82 0.78
0.27 0.39 0.33
0.50 .0.26 0.18
1.00 0.17 0.14
2.60 0.085 0.066
5.00 0.051 0.050
10.00 0.027 0.028

*
From Figure 25

*

*
From Table 7
Table 10

Cutoff Frequency Comparison: Model and Experiment

For both the model and the experlment, as the frequency to be
tracked is reduced below the cutoff frequency, the performance

approaches a perfect score.

The quasi-linear mathematical model did not approximate the
experimentally determined cutoff frequencles as closely as had
been hoped; nevertheless, the model helps explain the general
shape, and some of the characteristics of the operator tracking
performance curves shown in Figures 8 - 17. For the case of
zero transmission delay, e'® in Equatlon 7 can be approxlimated

by unity; therefore, for zero delay,

K
W =~
(s) TS + 1+ K (9)
For very low frequencies,
( K
Wis) =
) 1+ K
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and for very high frequencies

K
W(s) =~

T..S
N

The break point frequency (f) between the two extremes is at

1+ K

Hy

l
-
l.l
O
~—

EWTN

Substituting values from Table 9 (0.00 Delay) into Equation 9,
f = 0.53 cps. Below this
frequency the tracking performance ideally is perfect, and

the breakpoint frequency becomes

above, the trackiling performance falls off proportional to %
or 6 decibels per octave. Figure 27 shows Equation 9 plotted
for the zero second values; it has been normalized so the low
frequency response appears at a level of 0(db) . Figure 27
also shows a comparison of the results from Phases 1 and 2
experimentation and the quasi-linear model, Equation 8. It is
apparent that:

(1) The Model (Equation 8) is a reasonable representation

of the actual performance and
(2) The performance ratio beyond cutoff is proportional
to -% as one would expect.

For cases with transmission-type delays, Figure 25 shows that
performance for any delay eventually falls along the same
6 db/octave slope that occurs with zero second delay. But up
to the breakpoint frequency associated with the latter slope,
the response remains within a spread of less than 10 decibels
regardless of the number of octaves between the cutoff frequency,
for a given delay, and the breakpoint. For 10 second delay,
there 1s a spread of over four octaves between the cutoff
frequency of 0.028 cps and the breakpoint frequency of 0.53 cps.

Between these limits there is a serles of peak and troughs of
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amplitud

es
180 degree shifts of phase introduced in the feedback loop

that are caused, primarlly, by the alternate

by the transmission and operator reactlon time delays (see
Equations 7 and 8). These same characteristics are prevalent
in the experimental test results: Figure 8 has a slope beyond
cutoff (-3 ordinate value) that is proportional to% {see
Filgure 27). Figure 9 has a lesser slope and the slopes

become progressively less as the delay is Increased. The"
effect 1s most apparent in the composite graphs of the

Phase 1 Tests shown in Figure 15. The peaks and troughs

are also apparent, but not to the extent indicated in the
mathematical model plot of PFigure 25. This difference may

be explainable on the grounds that the experimental results

are the mean of a minimum of 23 subjects, therefore, individual
peaks and troughs tend to be averaged out. But seems equally
plausible that the operators being very adaptable, adjust

theilr gain when they are confronted with improper feedback

information. The latter needs further study.

The quasl-linear mathematical model also helps explain what
appears to be an improvement 1n tracking performance, at a
glven frequency, by the introduction of additional delay in
the feedback loop. Figure 25 shows the phenomenon. It is

a direct result of the peaks and troughs that occur beyond
the cutoff point for any glven delay: an example 1s at

0.09 cps where performance is better with 10 second delay
than with either 5.0 or 2.6 second delays. It 1s obvious
that such an lmprovement is highly sensitive to frequency and
1s possible only 1f the operator is forced to operate beyond
the point of normal system cutoff for the glven delay.
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Compariéon of Results to Hypotheses

Hypothesis Number 1: Under conditions of zero trans-
misslion delay, an operator pursulit-tracking a wilde-band
input has an upper cutoff frequency of approximately 1
cycle per second.

Thls research showed that operator tracking performance

i1s excellent for low frequenciles and has a smooth response
degradation curve to a high frequency cutoff of approxi-

mately 0.56 to 0.78 cps depending upon the course complexity.

In the Phase 1 Tests, the operators were force-paced to a
high frequency limit of 3.6 cps; their high frequency
performance cutoff frequency (correct responses equal to
0.707 of total possible) was 0.78 cps. For the Phase 2
Tests, the operators were force-paced to a high frequency
limit of 5.0 cps; thelr high frequency performance cutoff
frequency decreased to 0.56 cps. It is reasonable that
the high frequency cutoff point is inversely related to
the highest forcing frequency. The operator tends to
sacrifice his score on lower frequencies in order to hit
more of the higher frequency inputs. If the input fre-
quency band width had been lowered to, say, 2 cps, the
cutoff frequency probably would approach more closely

1l cps. The results seem to be 1in line with the research
of both Elkind23 and Vince7o.

Hypothesis Number 2: Under conditions of T seconds of

transmission-type délay, an operator!s upper cutoff
frequency (fc) is controlled by a move-and-wailt strategy
limitation; this frequency is equal to the inverse of
twice the move-and-wailt period (t) , or:

1
Lo =3¢

where T = Transmission delay (T) plus
operator reaction time (r).
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This research showed the cutoff frequency for delays of
0 to 10 seconds to be lower than that hypotheslzed. The
comparison l1s as follows:

Hypotheslized:

£, =,%?._ 9.5 . Oé5 for T > r
Actual:

fco = %6%# for T >> r

The hypotheslized cutoff frequency was very nearly the
same as the lowest frequency at which 180O phase shift
occurred in the feedback loop. At the hypothesized
cutoff frequency for each of the delays, the ratio of
correct responses to total possible is more on the order
of 0.4 to 0.5 rather than the 0.7 value arbitrarily

est i the "actual" cutoff fr

o
i1 (=3

quency for each delay.

Hypothesls Number 3: Tracking performance at frequencies

below cutoff is reasonably predictable.

For all delays tested between the limits of O and 10
seconds, the performance plots were smooth over a range
of a very low frequency to the cutoff frequency.

For the type of tracking tested, there 1is good reason to
believe that the cutoff frequency is reasonably predictable
by Equation 3 for all delays that are large in respect to
an operator!s. reaction time and that his tracking perform-
ance from.zero cps to that cutoff frequency will be
reasonably smooth curve.
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Chapter V
CONCLUSIONS

General

This thesls was aimed at studying the effects of time
delay in the visual feedback'loop of a man-machine system.
A one-dimensional, step-type input, pursult tracking
experiment was developed to study these effects with
transmission-type delays of O to 10 seconds. Thirty-six
subjects participated in a series of tests that covered:
seven different -delays, two different levels of course
complexity for each delay, learning, and open-loop per-
formance. The following conclusions were reached from
the research:

1. Performance deteriorates non-linearly with
increases in delay.

2. Performance degradation is also a function
of course complexity and, in general, the
degradation is greater with increased course
complexity.

3. For step-type inputs, a one-dimensional
tracking system has a cutoff frequency,

£ 0.14

~ === (cps)
co ~ 0.7

for all delays (T) much greater than the
operator reaction time and for all course
complexities studied.

4. A plot of tracking performance versus fre-
quency 1s a reasonably smooth and predictable
curve for all frequencies up to the cutoff
frequency.
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5. A plot of tracking performance over a range
of frequenciles higher than the cutoff frequency
exhlblts a serlies of peak and troughs due to
phase shift 1n the feedback loop.

6. Trackling performance up to the cutoff frequency
(fbo) can be described reasonably well by the
quasi~-linear mathematical model:

W(s) = K

eTS(TNs +1) + K

where the system galn (K) and the neuromuscular
time lag (TN) are a function of the system delay
(7).

7. Human operators tend to place heavy rellance
upon propriloceptive feedback to minimize the
frustrations caused by long ftransmission
delays of thelr visual feedback information;
they seem to follow this practice even when
the result 1is to further impair thelr tracking
performance.
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Deslgn Conslderatlons

Human operator tracking capabllity obvliously 1ls of prime
Importance to design englneers of man-machlne tracking

-8ystems whether or not such systems involve transmission-

type time delays. It 1s imperative that the engineer
know the reasonable performance limits of the operator 1n
order to prevent designing a system that approaches (or
exceedé) safe limits of operatlional stabllity. The need
for thls knowledge becomes 1ncreasingly 1lmportant as the
speed of the system operation (i.e, the frequency to be
tracked) increases and/or the time delay due to trans-
mission of either control or feedback information becomes

greater.

This Thesls has shown that the system cutoff frequency is
highly dependent upon the delay in the system. Even small
transmission delays such as those which approximate the
operator's reaction time delay lower the cutoff frequency
by a factor of over two.

For a system which requires its operator to respond
reliably to a non-periodic input having a rate as high

as 1 cycle per second and not involving a transmission
delay, the designer should concern himself with the follow-
ing:

1. Varlations 1in the operator's reaction time.
Possibility of "play" or "slip" in the mechanism
that might introduce an unwanted transmission-
type delay.

3. Possibility of eliminating high frequency (over
1 cps) input information that may add to the
complexity and deleteriously affect the operator's
tracking performance at rates up to 1 cycle per
second.
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In some systems, transmission-type time delays are in-
evitable. Typlcally, these are ones in which there is

a radio communications 1link between the controller and
he

v

that which.is belng controlled. In cases where
operator must respond with a series of non-periodic,
discrete movements and where there 1s a transmission
delay which is long with respect to the operator's
reaction time delay, the designer should concern himself
wlth:

1. The system upper cutoff frequency which 1is

approximately
0.1
foo = EGT% (cps) .

2. Problems of tracking performance beyond this
cutoff frequency. (This performance goes through
a series of peaks and troughs that have question-
able amplitude predictability)

3. Possibilities of the operator placing undue
reliance upon his proprioceptive (and other)
feedback information from his control in
preference to utilizing the more significant,

delayed, visual feedback.

Recommendations for Future Work

During the period of study and research pertaining to

this Thesis, five other major areas were consldered that
seemed related directly to a study of the "effects of time
delay in the visual feedback loop of a man-machine system'.
In each case, further study was delayed. These areas
needing to be researched are:

1. Sgnsory interaction between proprioceptive
feedback (and other non-delayed sensory inputs)
and delayed visual feedback.

7



2. The effects of lead and/or lag networks In the
feedback loop of a system in which there is

delayed visual feedback. _ _ _

3. The adaptlive behavior of an operator in adjusting
his géin factor when confronted wlth phase re-
versals in the visual feedback information.

L. The adaptive behavlior of an operator in shifting
his attention (and his gain) back and forth be-
tween the input signal, the delayed output signal,
and the difference between the two, when engaged

in a pursuit-tracking task.
5. Tracking performance differences between

man-machine system incorporating delayed visual
feedback but having:
(a) continuous-type and

(p) step-type inputs.

Sensory Interaction

The usual information channel delays to which man is
accustomed, the "reaction time" between the actual stimulus
and the perceived stimulus, are substantially the same for
his primary information channels and are seldom troublesome.
Under conditions of significant delay in the visual loop,
and no delay in the proprioceptive loop, interference may
develop in the same way as found for audltory delays by
Fairbanksg6, Kalmus, Fry, and Denesuo, and Bergiejk and
David13. There very well could be a particular delay

where the deleterious effects of the delay reach a maxi-
mum. In a tracklng task in which there is visual delay,

the Interference may occur between the visual channel and
the tactual, kinesthetic, and/or proprioceptive channels;
the latter 1s ubiquitous, so some interference is lnescapable.
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Lead and Lag Networks

The effects of these networks have been studied extensively
for conditions of no-delay and exponential lag. But there
is reason to qQuestion the applicability of this information
to cases which lnclude transmission-type delay. In the |
latter type system, the error signal 1s necessarily a
function of the operator!s control commands. Therefore,-
1f he responds at a higher rate than the normal system
cutoff frequency (see Equation 3), he will cause the error
slgnal he will see one delay period later to have a rate
beyond hils cutoff frequency. It seems reasonable to
hypothesize that the overall system performance can be
lmproved by incorporating a lag network in the loop, but
that still better performance can be reallized by using a
combination off lead and lag networks.

Adaptive Behavior

Man 1s often confronted with the problem of controlling

a machine where the system tends to be unstable. In such
cases he has the ability to adjust his own actions so as to
either bring the system into a stable mode (if it were not
so) or prevent 1t from becoming oscillatory. Undoubtedly
he can exercise this same type of ability to remotely con-
trol a machine through a visual time delay. To what extent
he does and to what extent he 1s consistent in operating
beyond the normal system cutoff frequency needs further
study.

It is recognized that man can track high frequency inputs
better with pursuilt than compensatory type tracking tech-
niques. Yet very little 1s known about the mathematical

model of an operator who 1is engaged in pursuilt tracking.

The reason for lack of knowledge 1s that so 1little is
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known about the way the operator shifts between his
open-loop performance and his closed-loop performance
in his tracking task. This problem was evident in the
development of the model in Section IV B.

The'present research was concerned with step-type inputs.
At the beginning of the study, there was a serious question
as to whether continuous-type or step-type inputs should

be employed. There was never any doubt that it was
important to study both -- but only one at a time. The
latter was selected for reasons covered in Section IT A.

A reasonable hypothesis is that the overall system per-
formance with either type of input is comparable and that
the same qQuasi-linear mathematical model is applicable to

each.
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TEST REACTION SHEET . .

APPENDIX A

A sheet filled out by each subject after
he has finished his group of tests.

LIGHT-ILLUMINATION PROGRAM AND SCORE SHEET

The sheets show the order in which lights
1 through 11 become illuminated and the
dwell period of each.

The sheets also

provide space for scoring each subject for
each of the 7O lighting events associated

with the

0.00
0.27
0.50
1.00
2.60
5.00
10.00

given program.

Second . . . .
Second . . . .
Second . . . .
Second . . . .
Second « o o
Second . « .

Secornid « « o o
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90
91
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94
95



TEST-REACTION SHEET

Name: Age Right handed

Undergraduate Do you wear glasses? . Left handed
Graduate Academic Field of Interest:
Do you drive an automobile? Do you fly an airplane?

1. Have you ever experienced a delay (other than normal
reaction time) in visual feedback before? If "yes",
please explain.

2. What was your reaction to the first "time-delay" test in
this series?

3. Did your reaction to "operating with a time-delay"” change
during the series of tests? If so, in what way?

4. Had you ever thought about the problem of "operating with
a time-delay"? If so, did you find it more, or less
difficult than you expected?

- e mm e e e em o e mm e e em e ew e e e oam  mm em am e mmw e  mm mm e e e oae

5. Do you think your performance would improve appreciably
if you were to go through the same tests a second time
(with some rest in the meantime)? If yes, please comment
Oon your reason.

6. Please jot down any other reactions that you experienced
during the tests.

7. Please describe any "strategy" that you developed during
the tests.
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ZERO SECOND PROGRAM

Delay Seconds
Subject : Run Number
Periods | 4.0 | 1.0 |0.45 }0.30 | 0.20 | 0.1k | 0.10
Hits
Misses
Event.Lt. Sec. |Hit Miss Event |Lt.| Sec. |Hit MisJ hvent Lt.|Sec. Hit|Miss
1 21 .bs 25 3] .1 L8 51 .1
2 5 26 8 |1 b9 |11 |4
3 7 . 27 {10} .45 50 6 L5
L4 8 (U 28 6 |1 51 1] .3
5 11 ] .1 29 71 .1 52 |10 |4
6 6 |4 30 514 53 2| .14
7 1 .1 31 1] .2 54 1] .2
8 91 .14 32 51 -1 55 71 .2
9 2|1 33 81 .3 56 Loy
10 81 .1 34 9| .14 57 21 .3
11 1 .3 35 7 .45 58 |10} .45
12 71 -1 36 L 59 Ly .14
13 51 .45 37 |10 60 {10 |1
14 31 .3 38 111 61 2 |4
15 81 .45 39 T 62 1
16 2 4o 711 63 .2
17 L] . 41 6| .14 6L RIS
18 7 .1k 42 30 .14 65 |11 { .1
19 |10} .45 L3 21 .2 66 91 .2
20 1 Ly Jio ] .45 67 6} .3
21 1 |4 L5 11 |1 68 91 .2
o) L} .1k 46 7 69 1] .1
23 hi} .3 L7 L 70 (10| .1k
2L 1] .1k
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0.27 SECOND PROGRAM

Delay Seconds
Subject Run Number
Periods | 4.0 '1.5 | .75 | .45 | .30 .20 | .14
Hits
Misses
Event|Lt.| Sec. [Hit|Miss| [Event|Lt.|Sec.|Hit]Miss Event|Lt.| Sec. [Hit|Mis
1 21 .3 25 81 .75 L8 81 .14
2 |10 |4 26 .3 49 211.5
3 1.5 (27 .3 50 31 .75
Y . 28 11| .75 51 114
5 1. 29 1.5 52 L1 .2
6 L 30 .2 53 7| .75
7 |11 | .75 31 i 5L 8| .75
8 | 1] .2 32 i 55 | 7
9 |10 {1. 33 |10} .45 56 4
10 9| .14 3L 1.5 57 {114
11 | 6] .b5 35 U5 58 3] b5
12 81 .75 % j10}| .2 59 (11 (kL
13 | 4| .1k 37 | 6}1.5 60 | 6
14 6| .14 38 8{ .14 61 21 .2
15 1|4 39 Lk 62 3] .b5
16 3 14 4o .} 3| .u5 63 51 .14
17 |7 |15 B | 5] .2 6 | 4l .75
18 | 3] .14 b 10} .3 65 J11] .3
19 |8] .75 b3 | u] .75 66 | 7] .2
20 7| .45 LL 81 .14 67 81 .45
21 9 l1.5 L5 61 .2 68 51 .45
22 4 1.5 L6 714 69 81 .14
23 (2] -3 b 19l -3 70 | 3] -b5
o | 5| .2
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0.50 SECOND PROGRAM

Delay Seconds
Subject’ Run Number
Periods | 4.0 ] 2.0) 1.0 }.50 |.33].27 ] .2
Hits
Misses
Event|Lt.| Sec. |Hit Missl Event|Lt.|Sec. |Hit |Miss ! vent |Lt. Sec..Hit Mis
1 1| .33 25 L1 W - 2 |4
2 L1 26 | 6L L9 51 .33
3 |10 {2 27 8 (L 50 L |2
4 3] .33 28 9] .27 51 9] .33
5 2 29 5 5 52 8 |1
6 30 7 5 53 31 .5
7 2 31 2|1 5k 5 2
8 |10 .33 32 Ll .ot 55 (10| .27
9 1 5 33 612 56 12
10 8 3L L 57 {10 2
11 3 35 3 2 58 7 .2
12 | 2f .2 % |5 59 | 6 |k
13 |11 | .o7 37 1]2 60 211
14 511 38 9 .27 61 1l .5
15 |10 .27 39 1 5 62 6 2
16 31k 40 71 -27 63 8
17 1|4 L1 1 2 n 2|l2
18 | 3| .5 w2 | 9|k 65 | 6
19 | 91 -33 L3 | ¥ .33 6 9] .5
20 2|2 Ll 8 27 67 3] .33
21 912 Us 21 .33 68 2 {4
22 Ll .o7 L6 1|1 69 Lofh
23 1|1 L7 51 .33 70 51 .27
2L 6| .5
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1.0 SECOND PROGRAM

Delay Seconds

Subject Run Number

Periods |12 | L 1.25 | .75 .50.] .33

Hits

Misses

Event{Lt. Sec. |Hit|Miss Event|Lt. Sec.|Hit]|Miss Event| Lt. Sec. |Hit MisJ

1 312 25 | 2] .75 L8 .75
2 514 26 8 49 9
3 81 .75 27 6 50 bl .
4 6 12 28 81 .75 51 212
5 |11] .5 29 71 .33 | 52 |10 |12
6 611.25 30 61 .5 53 711.25
7 31 .75 31 3 5 5k [11]2
8 1{L 32 7]11.25 55 5] 5
9 91 .75 33 L neo 56 112
10 |10 12 3L 1} .75 57 81 L
11 1{4 35 51{ 4 58 3] 1.25
12 9 12 36 Ll1.25 59 5] 1.25
13 7 2 37 {1012 60 41 .75
b J11}1.25 38 512 61 5
15 1] .5 39 711.25 62 8
16 31 .33 hbo | 9] 1.25 63 6] .5
17 82 41 8| .33 6t 10} 2
18 L1 .33 Lo 51 .5 65 91 .5
19 |71 .33 43 | 4] .33 66 | b4} .33
20 9]e2 Ll 811.25 67 3] 2
21 514 45 1 68 5] .33
pere) 61 .75 L6 6 69 {10} L
23 51 .75 L7 J10] .33 70 3] .33
2l 714
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2.6 SECOND PROGRAM

Delay Seconds
Subject Run Number
Periods | 12| 6 | L | 2.5 | 1.5 .75
Hits
Misses
Event|Lt.] Sec.]Hit |Miss Event |[Lt.| Sec.|Hit |Missg IEvent Lt.f Sec.]Hit|Miss
1 Lié6 25 4i1.5 48 811.5
2 516 26 312 Lo 9|6
3 711.5 27 81 1.5 50 21k
L 8 L2 28 714 51 7T11.5
5 | 4pe 2§ 6| .75 52 1§1.5
6 512.5 30 1] L4 53 616
7 2 31 i 5L Ly .75
8 511 32 1512.5 55 52
9 2 12 33 1] .75 56 8 he
10 | 3L 3 | 3]6 57 119 .75
11 612.5 35 211.5 58 811
12 | 8]2.5 3% |3]2.5 59 |9]1
13 1]1 37 5(1.5 60 11h
1L | 825 8 {11 61 | 8]
15 L16 39 {7 .75 62 216
16 71 .75 40 81 2.5 63 1)1
17 911 41 2| 64 812.5
18 216 Lo 4 ho 65 21k
19 711L1.5 43 1] .75 66 31 .75
20 | 6 pe u hole 67 |6y
21 212,5 —hs 7 L2 68 71 .75
22 1{1 L6 5] 2.5 69 9 e
23 | 86 w7 |6l1.5 70 |10t
eh | 71 .75
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5.0 SECOND PROGRAM

Delay

Seconds

'Run Number

Sub ject

12

25

Periods

Hits

Misses
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10.0 SECOND PROGRAM

Delay Seconds
Subject Run Number
Periods [50 | 25 12| 7.5} 5] 3.5} 2
Hits
Misses
Event| Lt.| Sec. Hit'MisJ |[Event |Lt.| Sec.|Hit Misd Event Lt.| Sec. |Hit MISJ
1 51 7.5 25 71 5 48 3125
2 |11} 5 26 4150 4o J11 |25
3 7] 75 o7 o] 2 50 | 5] 5
L 9 |50 28 81 50 51 6|12
5 111 7.5 29 71 50 o2 L +D
6 1] 7.5 30 5] 3.5 53 | 515
7 1o} 7.5 31 2112 54 1| 3.5
8 8 l2os 32 7112 55 > 125
9 | 6 33 ]9 3.5 56 |4} s
10 |10} 2 34 Jio0{ 12 57 81| 2
11 | 5§ 7.5 35 16 7.5 58 |1} 17.5
12 7125 36 1]50 59 293 7.5
13 | 4|25 J 37 {7(50 60 | u]s
14 6 J12 38 6 61 9 |50
15 21 3. 39 8 62 f10{ 5
16 81 3. 4o I .5 63 4 112
17 7 {50 b1 11|12 64 312
18 |10 |25 42 |6l 2 65 | 515
19 11} 2 43 J10| 50 66 10} 5
20 25 Ly it 2 67 7 {es
21 6 |50 ks f1o0] 3.5 68 8 |12
22 |10} 3.5 6 |sii1e 69 o9 3.5
23 | 9 f12 w7 125 70 715
2y 6] 3.5
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APPENDIX B

EXPERIMENTAL DATA, MEANS, AND STANDARD DEVIATIONS
Phase 1 Tests : Page

0.00 Second Delay « « « « &+ « o o » o 97
0.27 Second Delay . 98
0.50 Second Delay « « « s o « o « o « 99

1,00 Second Delay . « « « « « « . o 100
2.60 Second Delay . « » « ¢ « o » » 101
5.00 Second Delay . « « « « o o « o 102

10.00 Second Delay . o« « « « o« « « o 103

Phase 2 Tests

0.00 Second Delay . + « « « « « » o 104
0.27 Second Delay - « + o o « « » » 105
0.50 Second Delay « « + « « « « « o 106
1.00 Second Delay . « « « « « o o« o 107
2.60 Second Delay « « « « « « « . » 108
5.00 Second Delay « « ¢« « & « « « o 109
10.00 Second Delay - « ¢ « « « « « » 110

Phase 3 TeSt « « o ¢ o o o « o« « « - 111

Phase 4 Test .+ o o o o o o o o o o & 112
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7

0,00 SECOND DELAY= 0,27 SECOND PROGRAM
INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

SUBJECT 4,00 1,50 0.75 0.45 0.30 0,20 0.14
1 - e m - - - - - - - - o = LA X ] - - -
2 - e - W e - - - . .. - - . - w - -
3 - . e - w - - . W - . -y w -ww
a - . - . - e - = e -mmw X X ] --me
5 - o -m- - LK X ] - e - - e . - o w - - .
6 - . L) - e - .. - - g i - e - - m e
7 1000 1.00 1.00 0.&0 0'20 0‘30 0050
8 - e - . - W e - . - - . - - - = - - -
9 1.00 0,90 0.70 0.80 0.20 0.40 0.40
10 0.90 0.90 0,80 0,50 0,20 0,40 0.20
11 1.00 1,00 0,80 0,70 0,40 0,50 0.30
12 --- --- --- --- --- --- ---
13 1.00 1,00 0.90 0.,40 0.10 0.10 0,10
14 1.00 1,00 0.80 0.50 0,40 0.40 0.20
15 1.00 1,00 1.00 0.50 0.20 0.20 0.30
16 1.00 1.00 0.90 0.90 0,60 0,30 0.50
17 1.00 1.00 0.80 0.70 0,30 0,10 0,20
18 1,00 0,90 0.80 0.50 0,20 0,00 0,20
19 1,00 1,00 0,80 0,40 0,30 0430 0,50
20 1.00 0.90 0.80 0,70 0.60 0.10 0.10
21 1.00 0,90 0,50 0,60 0.60 0.30 0,20
22 1,00 1,00 0.50 0,50 0.30 0,30 0,10
23 1,00 1,00 0,80 0,40 0,10 0,30 0.10
24 1.00 1.00 0.80 0.50 0.30 0.50 0,20
25 1.00 0,80 0.40 0,70 0.10 0.10 0.00
26 1,00 1,00 0,80 0.90 0,50 0.50 0,30
27 1,00 1,00 0.80 0.90 0.70 0,30 0.30
28 1.00 1,00 0.90 0.60 0,20 0,40 0.10
29 0.90 0,90 0.40 0.60 0.10 0.10 0,30
30 1.00 0,90 0,70 0,60 0,50 0.40 0,480
3 1.00 0,90 0.80 0.60 0.30 0.60 0.20
TOTALS 22,80 22,00 17.50 13,90 7,40 6,90 5,70
SUBJECTS 23,
MEAN 0,99 0,96 0.76 0,60 0,32 0,30 0.25
STD DEV 0.03 0.06 D.16 D.16 0,18 0,16 0.16
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0,27 SECOND DELAY= 0,27 SECOND PROGRAM
INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

SUBJECT 4.00 1.50 0.75 0.45 0,30 0.20 0.14

1 1.00 0,50 0.,40 0.20 0,20 0.30 0,20
2 1,00 0,50 D.40 0,20 0,10 0.50 0,20
3 0.90 0.80 0.40 0.70 0,50 0.20 0,30
4 1.00 0.70 0.60 0,30 0,40 0,10 0,10
5 0.80 0.80 0.60 0.30 0,60 0.40 0,20
6 1.00 0.70 0.40 0.50 0,60 0,20 0.30
7 0,90 0,60 0.60 0.40 0,40 0.10 0,20
8 0.90 0.40 0,40 0060 0.40 0,30 0,60
9 0,70 0,50 0,40 0.40 0.20 0,10 0,10
10 0.90 0,80 0.20 0.20 0.10 0.40 0,20
11 1,00 1,00 0,40 0,70 0,40 0,50 0,30
12 0.90 0,90 0,40 0,30 0.40 0.30 0,20
13 1.00 0,60 0,40 0.20 0,30 0.00 0,00
14 1.00 0.%0 0,70 0.50 0,30 0,00 0,20
15 1.00 0,90 0,70 0,30 0,10 0,30 0,20
16 1.00- 0.50 0,40 0.50 0,60 0,30 0.40
17 1.00 0.70 0.40 0.20 0.40 0,30 0,20
18 1.00 0.90 0.50 0,20 0,10 0,30 0,00
19 0.80 0,50 0.30 0,40 0,30 0.10 0.40
20 0,80 0,60 0.60 0,30 0,30 0.30 0,30
21 0.%0 0.80 0.50 0.20 0,30 0,60 0.10
22 0.90 0,70 0.20 0,30 0,10 0.60 0,20
23 1.00 0,90 0.40 0,40 0.30 0.40 0.50
24 1.00 0,80 0.20 0.40 0.20 0,60 0.,30
25 0.90 0.80 0,30 0.20 0.20 0,20 0.10
26 1.00 0.80 0.50 0.60 0,30 0,60 0.20
27 1.00 0.80 0.30 0,40 0,30 0,10 0,20
28 1.00 0.70 0.60 0.30 0,10 0480 0,10
29 0,90 0,00 0,30 0.20 0,50 0,10 0,10
390 1,00 0.70 0,40 0,30 0,30 0,10 0,00
31 1,00 0,80 0,60 0.30 0,20 0,30 0,40

TOTALS 29.20 21,60 13,50 11,00 9.50 9.00 6.80

SUBJUECTS 31.

MEAN 0.94 0.70 0.44 0,35 0,31 0.29 0.22

STD DEV 0,08 0,20 0,14 0.15 0,15 0,18 0,18
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0,50 SECOND DELAY~ 0,50 SECOND PROGRAM

INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

SUBJECT 4,00 2,00 1.00 0,50 0,33 0,27 0.20
1 0.60 0.70 0,20 0.20 0,40 0.20 0.10
2 0.%0 0,50 0.60 0.40 0.10 0.30 0,20
3 1,00 0,90 0,30 0,60 0,40 0,40 0.30
4 0,90 1.00 0.60 0.50 0,60 0,50 0.40
5 1,00 0.40 0.70 0.30 0.10 0.40 0,20
6 1,00 0.90 0.50 0,60 0,50 0,20 0.10
7 0.70 0,60 0,40 0,40 0,30 0,40 0.30
8 1.00 0.70 0.40 0,30 0.,10 0,30 0,30
9 0,90 0.50 0.30 0,00 0,20 0,30 0,20
10 1.00 0,90 0,60 0,20 0.20 0.50 0.30
11 1.00 0.80 0.60 0,40 0.60 0.30 0.50
i2 1.00 0.70 0,20 0.30 0,40 0,30 0.20
13 1.00 0.80 0.30 0.30 0.10 0.,10 0.10
ig i.00 0.40 0.50 0,30 0,40 0.10 0.20
is 1.00 0,30 0.20 0.10 0,20 0.50 0.00
16 0.90 0.30 0.70 0.50 0.50 0.60 0,20
17 0.80 0.10 0,50 0.40 0,50 0,30 0.30
18 1,00 0,50 0,60 0,10 0,20 0,20 0,10
19 0.80 0,40 0.40 0.10 0.00 0.10 0.10
20 0.80 0,50 0.30 0,10 0,10 0,30 0,40
21 0.60 0.50 0,40 0,40 0,30 0,00 0,00
22 0.80 0,50 0,20 0,20 0,30 0,20 0.30
23 0.90 0,70 0.30 0,20 0,20 0.20 0.20
24 0.50 0,40 0,40 0,30 0,10 0,20 0.10
25 0,70 0,20 0.40 0.10 0,30 0,00 0,20
26 0,80 0,80 0.60 0,40 0,10 0,40 0,20
27 0,80 0.50 0.40 0.10 0,30 0.40 0.00
28 1.00 0.50 0.50 0.40 0.20 0.30 0.30
29 0.50 0.40 0,40 0,10 0,10 0.10 0.30
30 1,00 0,60 0,50 0,30 0,40 0.30 0,30
33 0.80 0.70 0.20 0.30 0,30 0.10 0,30
TATALS 26470 17.70 13,20 8,90 8.50 8,50 6,70
SUBJECTS 31.
MEAN 0,86 0,57 0.43 0,29 0,27 0,27 0.22

STD DEV 0.16 0.22 0.15 0.16 0,16 0.15 0.15
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1,00 SECUND DELAY= 1,00 SECOND PROGRAM

INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

W
w

SUBJECT  12.00 4,00  2.00  1.25 0,75 0,50

o

1 0.90 0.50 0.30 0.30 0,20 0,10 0,20
2 0.80 0,70 0.50 0,70 0,40 0.10 0.30
3 1,00 1.00 0.60 0.50 0,50 0.20 0.40
a - - -- - . - - . . - - e - o e LA X ]
5 0,60 0,80 0.40 0.40 0,50 0.30 0.40
6 1.00 0.90 0,80 0.90 0,50 0.50 0.10
7 1,00 0,70 0.60 0,40 0,30 0.30 0.40
8 1.00 0,90 0,70 0.90 0.60 0,30 0,40
9 - e - . - - . - = e - - . - o= L F ]
10 1.00 0,80 0.40 0,60 0,60 0.40 0.20
11 1,00 0,70 0,60 0,90 0,70 0,50 0.40
12 1,00 0,60 0,40 0,20 0,60 0.30 0.20
13 0.%0 0,90 0.60 0,40 0,40 0.10 0.00
14 1.00 0.90 0.90 0.60 0,40 0.30 0.10
15 1.00 0,90 0.60 0,40 0.50 0.20 0.20
16 1.00 0.90 0.70 0.60 0,60 0.80 0.90
17 1.00 0,%0 0.70 0.40 0,50 0.40 0.50
18 0.90 0,70 0.60 0.50 0,50 0.30 0.20
19 1.00 0,60 0,50 0.30 0,50 0,00 0,30
20 1,00 0.50 0.40 0,30 0,40 0,30 0.50
21 1,00 1.00 0.40 0,50 0,50 0.30 0.30
22 0.%0 0,50 0,70 0,70 0,50 0,20 0.50
23 0.90 0,60 0,80 0.,70 0,70 0.30 0.50
24 0.80 0.40 0.30 0,40 0.70 0.30 0.30
25 1.00 0,50 0.30 0.50 0,10 0.20 0.20
26 1.00 0,80 0,90 0.50 0.70 0.40 0,50
27 0,90 0,60 0.50 0.,40 0,80 0.10 0.20
28 0.%0 0,80 0,20 0,40 0.40 0,20 0,20
29 0,70 0.70 0.60 0.50 0.80 0.40 0,40
30 1.00 0,60 0.60 0.40 0,50 0.40 0.30
3 1,00 1,00 0,50 0.40 0.50 0.40 0.20
TOTALS 27.20 21,40 16.10 14,70 14,90 8.60 9.30
SUBJECTS 29,
MEAN 0.94 0.74 0.56 0.51 0.51 0,30 0.32

STD DEV 0.10 0.17 0.18 0,18 0,16 0.16 0,16
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2,60 SECOND DELAY= 2,40 SECOND PROGRAM
INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

SUBJECT 12.00 6,00 4,00 2.50 1,50 1.00 0.75
1 1.00 0.50 0,30 0,40 0,40 0.40 0,30
2 0.80 0.70 0.40 0.40 0.50 0,50 0.30
3 1,00 0.60 0.50 0.60 0,90 0.40 0.30
4 0.90 0.80 0.60 0,30 0,90 0,70 0,40
5 -ow- mwe - ose -m - L Y] -
6 1.00 1,00 1.00 0.60 0.40 0,70 0.40
7 1,00 0.50 0,40 0,40 0.60 0,20 0,60
8 1,00 0.60 0.40 0,70 0,60 0.50 0,20
9 0,80 0,50 0.70 0.10 0,10 0.30 0.10
10 1,00 0.90 0.20 0,50 0,60 0.30 0.60
11 0.90 0,60 0.40 0,90 0,50 0.50 0,40
12 0,60 0.50 0.60 0.40 0.40 0,10 0.30
13 1.00 0,50 0.60 0.50 0.60 0,00 0.20
14 0.90 0.90 0.50 0,20 0,50 0.60 0.70
15 0,90 0.40 0.40 0.50 0,30 0.40 0,70
16 1.90 0,90 0,90 0,50 0,70 0.,70 0.70
17 1,00 0.90 0,50 0.90 0.70 0.90 0.50
18 1,00 0.70 0.40 0.50 0,50 0.30 0.50
19 1.00 0,40 0,30 0,30 0,20 0.20 0.20
20 0.%90 0.40 0.50 0,40 0,50 0.20 0.50
21 0.90 0,50 D.40 0,40 0,70 0,20 0.40
22 0.50 0.40 0.70 0.50 0,40 0.60 0.30
23 1.00 0,70 0.60 0.40 0.60 0,40 0,30
24 0.,%0 0.50 0.50 0,40 0.60 0,50 0.60
25 0.90 0.60 0.60 0,70 0,50 0,60 0.40
26 0.90 0.80 0.70 0.80 0,60 0.40 1.00
28 1.00 0,70 0.60 0.80 0.30 0,50 0.40
29 0.90 0,40 0.40 0,40 0.560 0.10 0.30
30 0,80 0,60 0.80 0,60 0.80 0,60 0.50
31 1,00 0,60 0,60 0,60 0,60 0,50 0,40
TOTALS 27,30 18,60 15,80 15,50 16,20 12,50 13,00
SUBJECTS 30,
MEAN 0.91 0,62 0.53 0.52 0,54 0.42 0.43
STD DEV 0.12 0,18 0.18 0.19 0,18 0.21 0.21
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5,00 SECOND DELAY= 5,00 SECOND PROGRAM

INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

SUBJECT 25,00

1 1.00
2 0,80

3 0,90
4 1.00
5 0,90
6 1,00

7 1,00

8 1.00
9 0.70
10 1,00
11 0,90
12 1,00
13 1,00
14 1.00
15 0.90
16 0.90
17 1,00
18 1.00
19 0,80
20 1,00
21 0.90
22 0,90
23 0,80
25 1.00
26 1.00
27 0.80
28 1.00
29 1,00
30 1,00
31 1.00

TOTALS 29,10

SUBJECTS 31.
ME AN 0,94
STD DEV 0,08

12,00

0.70
0,80
0,80
1,00
0.90
0,80
0.70
1,00
0,50
1,00
0,60
0,80
0,90
0,50
0.90
0,50
0,70
0.50
0,50
0,50
1.00
0,90
0.70
0,90
1.00
0,70
0,90
1.00
0.90
1,00
0.90

24.50

6,00 4,00
0.60 0,50
0,90 0.40
0.50 0.50
0.70 0.90
0.70 0,40
0.60 0.50
0.40 0.60
0.30 0.60
0.80 0.20
0,40, 0,90
0.30 0,40
0.30 0.20
0,80 0.60
0.20 0.40
0,50 0,40
0.40 0.30
0.20 0.40
0,70 0,40
0.30 0.50
0.10 0,50
0.60 0.70
0,30 0.50
0.50 0.60
0.60 0.50
0.50 0.50
0.50 0.20
0,40 0.50
0,50 0,20
0.70 0.60
0.80 0.60
0.40 0.60

15.50 15.10

102

2.00

0,50
0.,20
0.30
0.80
0.30
0,50
0,50
0.20
0.20
0,50
0,40
0.50
0.50
0.?20
0.30
0.60
0,20
0.40
0.30
0.40
0.40
0.20
0.20
0.60
0,50
0.90
0.60
0.30
0.70
0.70
0060

13,50

0,44

0,19



SUBJECT

O OONOU & W)

TOTALS

SUBJECTS

MEAN

STD DEV

10,00 SECOND DELAY=10,00 SECOND PROGRAM

INTERVAL D BETWEEN SUCCESSIVE STIMULI C(SECONDS)

50,00 25,00

1,00 0,70
1,00 1,00
1.00 - 0.80
1.00 1.00
0.70 0.80
1.00 1,00
1.00 0.%0
0,80 1.00
0.90 0.70
1.00 0,70
1,00 0,90
0.80 0,90
1.00 0.60
1.00 1,00
1.00 0,90
1.00 0,80
1.00 0,90
0.80 0,30
1.00 0,70
0.90 0,90
1,00 0,70
0.80 0,80
1.00 0,50
1.00 0.60
1,00 0.70
0,90 1,00
1.00 0.60
1.00 0.80
1.00 1.00

1.00 0,80

28,60 24,40

30.

12,00

0,60
0.70
0,50
1.00
0.80
0.70
0,60
0.70
0.40
0.50
0,50
0.30
0,70
0,50
0,70
0,60
0.80
0,80
0.50
0.50
0.70
D.50
0.40
0.30
0,70
0,30
0,50
0.70
0.80
0.70

17.60

103

0,60
0.70
0.50
1.00
0,60

0,70
o.ao
0.40
0,60
0,50
0,60
0,50
0,50
0,50
0,50
0,60
0,40
0.30
0,60
0,60
0.20
0.30
0.90
0,80
0,10
0,50
0,10
0,70
0,20

15.50

0,30
0,90
0.40
1,00
0,40
0,60
0,70
0,50
0.80
0.60
1.00
0.40
0,40
0.50
0,50
0.50
0.60
0,40
0,30
0,30
0.70
0.60
0,40
0,40
0,50
0,50
0.50
0,20
0.70
0.50

16,10

0,70
0.90
0,30
1.00
0,40
0.60
0.60
0.30
0,40
0.50
0.50
0,50
0,40
0,80
0,90
0.50
0.50
0.60
0.40
0.50
0,90
0.30
0,60
0,70
0.50
0,70
0,50
0,50
0,50
0.50

17,00

0,60
0.70
0.30
0.90
0440
0,10
0.50
0.30
0.20
0.80
0.60
0.60
0.40
0,30
0.80
0.40
0,30
0.30
0.30
0.70
0.10
0.60
0.40
0.60
0,80
0.40
0,50
0.30
0.60
0,40

14,20



0,00 SECOND DELAY= 0,00 SECOND PROGRAM

INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

SUBJECT 4,00

1 0,90
7 1.00
3 1.00
I’ 1,00
5 -
6 0.90
7 1.00
8 0.90
9 1,00
10 1.00
11 1.00
12 1.00
13 1,00
14 0.90
15 1,00
16 1.00
17 1,00
18 =
19 1.00
20 1,00
21 1,00
22 1,00
23 0,90
24 1.00
25 1.00
26 1.00
27 1.00
28 1.00
29 1.00
30 0.90
31 1,00

TOTALS 28.40

SUBJECTS 29,

MEAN 0.98

STO DEV 0.048

1.00

1.00
1.00
1,00
0.90
0.90
0.,90
0,70
1.00
0.70
1,00
0.70
0,60
0.80
0.90
0,70
0.80
0.40
0.60
0.60
0.90
0.70
0.80
0.70
0,80
0,60
0,70
0,40
0.70
0,90

22,40

0,45

0,20
0.50
0,40
0,40
0.30
0,50
0.30
0,50
0.70
0.50
0.30
0.40
0.60
0,20
0.50
0.60
0,30
0,10
0.40
0.70
0,30
0.50
0.10
0,60
0.30
0.30
0,20
0,60
0,30

11,60

104

0,20

0.20
0,10
0.10
0,20
0.10
0,40
0,30
0.40
0,30
0,10
0,20
0.10
0.10
0.10
0,20
0,30
0.10
0,10
0,30
0,20
0.10
0,00
0,20
0.20
0,20
0,40
0,10
0,20
0,40

5,70

0,14

0.30
0.20
0.10
0.10
0.20
0.30
0,00
0.10
0,10
0,50
0,20
0.10
0.30
0.00
0.30
0.40
0,20
0.20
0.30
0.00
0.20
0.30
0.00
0.10
0.40
0.20
0.10
0.10
0.30

5.60

0.19

0.13



54

SUBJECT

OVE®NINEWN -

TOTALS

SUBJECTS

MEAN

STD DEV

0,27 SECOND DELAY= 0,00 SECOND PROGRAM
INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

4,00

1.00
0.60
1,00
1.00
1.00
1.00
1.00
1.00
1.00
0.90
0.90
0.50
1.00
1.00
1.00
0.%0
0.90
0,90
1,00
1.00
0,90
1.00
1.00

21.80

23.

0.95

0,09

1,00

0.30
0,20
0,60
0,80
0,60
0,40
0.60
0,40
0.40
0,40
0.20
0,70
0.70
0.30
0,50
0.50
0,10
0.70
0,30
0,40
0,50
0.40
0.50

10,50

0.45

0.20
0.30
0.50
0,70
0.30
0.30
0,50
0.50
0.50
0.40
0,20
0.20
0,20
0.30
0.30
0.40
2.00
0,50
0.50
0.,10
0.20
0.20
0.40

105

0,30

0,30
0,50
0,50
0.60
0,20
0,10
0.,30
0.30
0,40
0.40
0,00
0,30
0,40
0.,20
0.40
0.30
0,30
0.50
0,30
0,40
0.30
0.20
0.20

0,20

0.14

0.10

0.20
0.70
0,20
0.40
0.20
0.20
0.30
0,00
0,00
0.30
0.10
0.10
0.20
0,10
0.10
0.20
0.10
0.00
0.10
0.10
0.00
0,20

0.20
0.00
0.20
0.10
0.40
0.10
0.00
0.10
0.10
0,00
0.00
0.00
0,10
0.10
0.10
0.40
0.30
0.10
0,00
0.20
0.20
0.10
0.10



0,50 SECOND DELAY~= 0,00 SECOND PROGRAM
INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

SUBJECT 4,00 1.00 0,45 0.30 0.20 0014 0,10

1.00 0,20 0.60 0.30 0,10 0,30 0.20
0060 0040 0.20 0.10 0.20 0020 0010
0090' 0.50 0010 0050 0.00 0-00 0010
1,00 0.80 0.40 0.30 0,20 0.00 0,10

1,00 0,40 0.20 0.,40 0,00 0.00 0.20
0080 0030 0'20 0020 0.00 0010 0.10

T Nl el
NOWME WNE O ORI NRI™N WA -

0.70 0.40 0.00 0.50 0,10 0,10 0.00

0.80 0.20 0.40 0.50 0.50 0.10 0.10
18 0,90 0.50 0.10 0.30 0,10 0,20 0.20
19 0,60 0,30 0,40 0.10 0,20 0,00 0.10
20 0.80 0.10 0,20 0.30 0.30 0,20 0.30
21 1,00 0.20 0.00 0.10 0.00 0.10 0.,10
22 0.90 0.40 0.40 0.50 0,40 0.30 0.00
23 1,00 0,50 0.30 0.50 0,10 0.20 0.30
24 0,80 0.30 0,20 0.30 0.10 0.10 0,20
25 0,80 0,20 0.10 0.10 0.20 0.10 0.10
26 1.00 0.50 0.30 0.50 0,00 020 9000
27 0,90 0,30 0,00 0,00 0.00 0.10 0.00
28 1.00 0,70 0.20 0.10 0.10 0.00 0,10
29 0,80 0,00 0.00 0.,40 0,20 0.20 0.50
30 0,80 0,40 0.10 0.20 0,10 0,10 0.10
31 0.80 0.20 0.30 0.20 0,20 0.10 0,20

TOTALS 18.90 7.80 4,70 6.40 3.10 2.70 3.10

SUBJECTS 22

MEAN 0.86 0.35 0,21 0.29 0,14 0.12 0.14

STD DEV 0013 0,19 0.16 0.17 0.13 0,09 0.09
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B>

1.00 SECOND DELAY= 0,00 SECOND PROGRAM
INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

SUBJECT 4,00 1,00 0,45 0,30 0.20 0,18 0410
1 - . X N ] - . . - . W - . W - e - o =
2 - W . - " . - e ey [ ¥ X - . e Ly N ] .- .
3 - " L] - - - - . - - - - - - - -
a - . . L X K ] -—e- e - e - - e . - wn W " an .
5 - W e - e -e e - . . - .- - - am e - .
6 - . . - . gy - e e - W . - N - L X N ] L N ]
7 0,60 0.10 0.00 0,20 0,20 0,20 0.20
8 -|me - e - . - e . - am e - e w - as ®
9 0.30 0,30 0,00 0,20 0.10 0,00 0.30
10 0.70 0.30 0,10 0.30 0,20 0410 0,20
11 0.80 0,90 0.30 0,30 0.10 0.10 0.20
12 0.70 0,60 0.40 0.10 0,20 0,20 0.00
13 0.80 0,30 0.20 0,10 0,00 0,00 0.00
14 - .- - - - -—- -—-
15 --- - --- --- --- --- ---
16 0.90 0.70 0,40 0.50 0,10 0440 0.10
17 0,80 0.30 0.50 0.40 0.10 0.10 0,10
18 0,60 0,70 0.10 0,30 0,10 0,00 0.10
1o 0.90 0,20 0,20 0.20 0,10 0,00 0,00
20 0,50 0.40 0.20 0.20 0.00 0420 0.10
21 0490 0,30 0.30 0.00 0,30 0,20 0.30
22 0.70 0,30 0,00 0,40 0,20 0,30 0.40
23 0,80 0,50 0,00 0.60 0.00 0410 0.20
24 0,80 0,40 0,20 0.30 0,00 0,00 0,00
25 0450 0,40 0,10 0,10 0,00 0,20 0.10
26 0470 0.80 0.10 0.40 0,10 0,10 0,20
27 0.90 0,30 0.40 0,20 0,10 0.10 0,10
28 0,80 0,30 0.20 0,50 0,00 0.00 0.10
29 0.80 0.20 0.10 0.30 0,10 0430 0,20
30 0450 0.20 0.20 0,20 0,00 0,00 0,00
31 0.80 0,40 0,00 0.40 0.00 0,10 0,10
TUTALS 15,80 8.90 4,00 6.20 2,00 2.70 3,00
SUBJECTS 22,
ME AN 0,72 0.40 0.18 0,28 0,09 0,12 0.14
STD DEV 0.16 0,21 0.15 0,15 0,09 0,12 0,12



SUBJECT

NGB NN W N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

TOTALS

SUBJECTS

MEAN

STD DEV

2,60 SECOND DELAY~ 1,00 SECOND PROGRAM
INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

12.00

0.80
0,80
1.00
0.70
1.00
1.00
1.00
0,80
1,90
1.00
1.00
1,00
0,80
0.80
0.%0
0,90
0,90
0.70
1,00
1.00
1,00
0.%90
1.00
0.80

21.80

24,

0,40
0,80
0.50
0,80
0,30
0.80
0.50
0,80
0,70
0,40
0,50
0,50
0,60
0,50
0,50
0,50
0,30
0,20
0,90
0,40
0,60
0,70
0.50
0,30

13,00

2.00

0.40
0.10
0,50
0,50
0,50
0,50
0.50
0.40
0.70
0.10
olao
0.30
0,30
0,20
0.30
0,50
0.80
0,40
0.60
0.20
0.50
0,10
0,40
0,20

9.40

108

1,25

0.30
0.30
0.40
0.80
0,50
0,40
0.30
0,20
0,60
0460
0,30
0.60
0.20
0.60
0,40
0.70
0.70
0.50
0.80
0.50
0,50
0.50
0.60
0.30

11.60

0,75

0,40
0,20
0.40
0.50
0.20
0,30
0,40
0,20
0,40
0.20
0.20
0.50
0.50
0.70
0,30
0.40
0,20
0.40
0,70
0,10
0,60
0.30
0,50
0,10

8.70

0.50



5,00 SECOND DELAY= 1,00 SECOND PROGRAM
INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

B>

SUBJECT  12.00 4,00 2.00 1.25 0,75 0450
1 ese eoen m-ee eow -m- LT
2 LK - L T -m- -o- XX
3 LR N L XY “-ew -m- - LY
4 LLX ] -=e -me - es® --e
5 LX ] L T CX X mw= - oww
6 - mw - . - w - - . - w - - -
7 0.80 0,60 0.60 0.70 0,50 0.80
B LA N - .. - e e - . - W . - o -
9 0.20 0,20 0.40 0,00 0.30 0,00
10 0.80 0,70 0.60 0.40 0,30 0.40
11 0.80 0,00 0.60 0.20 0,20 0s10
12 0.40 0,30 0.20 0.40 0,30 0,10
13 0,90 0.70 0.40 0,40 0,30 0,20
14 0.80 0,50 0.20 0,20 0.30 0.10
15 0.70 0,40 D.50 0.50 0.30 0.00
16 0.70 0,30 0.10 0.30 0,40 0.30
17 0.60 0,50 0.30 0.40 0,20 0.10
18 0.60 0,50 0,20 0.40 0.30 0.10
19 0.50 0.10 0.30 0,40 0,20 0.20
20 0,60 0,30 0,00 0.40 0.30 0.10
21 0.60 0,490 0,30 0.30 0,20 0,20
22 0,50 0,30 0,20 0.10 0,50 0.10
23 0,80 0,10 0.00 0.30 0,10 0.20
24 0.80 0,50 0.50 0,50 0.40 0.10
25 0.60 0430 D.40 0.30 0,30 0.20
26 0.80 0,50 0.60 0.40 0.50 0.00
27 0.80 0,30 0.40 0.30 0,10 0,00
23 0.50 0,10 0.40 0,40 0,30 0,10
29 1.00 0,80 0,40 0,70 0.20 0,20
30 0.%0 0,40 0,10 0.50 0,20 0.10
31 0.80 0,80 0,30 0.80 0,30 0.20
TATALS 17,20 9.60 8,00 8,90 7.00 3.90
SUBJECTS 24.
MEAN 0.72 0.40 0.33 0.37 0,29 0.16
STD DEV 0,15 0,22 0.18 0.16 0.11 0,17



10,00 SECOND DELAY= 2,60 SECOND PROGRAM
INTERVAL D BETWEEN SUCCESSIVE STIMULI (SECONDS)

SUBJECT 12,00 6.00 4,00 2,50 1,50 1.00 0.75

1 - e - s - - m - = . - e . - - - e =
2 - .- - N - . - - o - - e . -mw- - = -

3 - = - - % e - . - ey . - - . -am s - e

a - W - LA X ] - - . - ey = =» . . - e

5 - . - - e e L L X ] -y W - . - - e
6 - = . - e - - e - e . - . . e w - ey

7 0.50 0,60 0.40 0,30 0.30 0,60 0,30

8 - . - - [ X X ] - s .- - e . LK ¥ ] - . =
9 0,30 0.,20 0.50 0.50 0,20 0.20 0,30
10 0,70 0,50 0,80 0.50 0.40 040 0.40
11 0070 0.30 0040 0.30 0.20 0.10 O.QO
12 0.50 0.30 0.20 0.30 0.70 0.50 0.30
13 0,60 0,30 0.20 0.30 0.20 0.00 0,10
14 0,40 0,40 0.40 0.20 0,30 0.20 0.40
15 0,30 0,30 0.10 0.50 0.40 0.30 0.30
16 0.80 0,30 0.70 0.60 0.80 0.40 0,60
17 0,40 0.40 0.50 0.40 0,70 0.10 0,20
18 0,60 0,50 0.70 0.60 0,50 0640 0.40
19 0,30 0,50 0.40 0.40 0,40 0.20 0.30
20 0,40 0,40 0.50 0,20 0,10 0.20 0.,40
21 0.50 0.10 0.40 0.10 0,20 0.10 0,30
22 1,00 0,60 0.50 0.70 0,50 0.60 0.50
23 0.40 0.60 0.10 0.40 0,20 0.40 0,30
24 0+50 0.30 D.50 0,40 0,40 0s.10 0.20
25 0.50 0.10 0.10 0.20 0.20 0.60 0.20
26 0.70 0,40 0,60 0,40 0,40 0.40 0.60
27 0.50 0,30 0.50 0.30 0.10 0.50 0.20
28 0.50 0.40 0.40 0.30 0.50 0.20 0.20
29 0.10 0,40 0.30 0,20 0,20 0.30 0.20
30 0.50 0,30 0.40 0,10 0,10 0.20 0.30
31 0.20 0,10 0,20 0.20 0.50 0.10 0.10

TOTALS 11,90 8,60 9.80 8.40 8.50 7,10 7.50

SUBJECTS 24,
MEAN 0.50 0.36 0,41 0.35 0,35 0,30 0.31
STD DEV 0,20 0.15 0.19 0.16 0,20 0.18 0.18
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1T

PHASE THREE
LEARNING TESTS FOR ,50 SECOND PROGRAM=,50 SECOND DELAY
TEST NUMBER

SUBJECT 1 2 3 4 5 6 7 8
1 21,00 27.00 20,00 31,00 31,00 31,00 27.00 32,00
2 28,00 31.90 25,00 32,00 25,00 28,00 33,00 33,00
3 24,00 30,00 32.00 33,00 36,00 31,00 35,00 34,00
L] 29.00 34,00 30.00 31,00 29.00 34.00 32,00 26,00
5 29,00 35,00 29,00 29.00 36,00 22,00 30,00 27,00

TUTALS 131,00 157,00 136,00 156,00 157,00 146,00 157,00 152,00
MEAN 26.20 31.40 27.20 31.20 31,40 29.20 31,40 30,40
GRAND MEAN 30,36

STp DEV 3,26 3.21 4,76  1.48 4,72 4,55 3.05 3,65
OVERALL S1D, DEV. 2,48

STRAIGHT LINE APPROX, 3 SLOPE = 0,60 INTERCEPT = 27,28 r ST
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OPEN LOOP TESTS FOR +50 SECOND PROGRAM=,50 SECOND DELAY

SUBJECT i
1 13.00
2 13.00
3 14,00
4 13.00
5 14,00

TUOTALS 67,00
MEAN 13,40
GRAND MEAN

STD pEV 0,35

UVERALL STD, UEV.

PHASE FOUR

TEST NUMBER

2
7.00
14,00
19.00
7.00
10,00
57.900
11,40
14,48

5,13

3

2.00
11.00
23,00
34.00

8.00

85.00

17.00

16,00
24,00
16,00
13,00
16.00

85.00

17,00

6.00
14.00
16.00

9,00
23.00

68.00

13,60



*The aeronantical and space activities of the United States shall be
conducted so as 1o contribute . . . to the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the resulls thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with a NASA contract or grant and released under NASA auspices.

TECHNICAL TRANSLATIONS: Ioformation published in a foreign
language considered to merit NASA distribution in Eaglish.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Washington, D.C. 20546
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