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I. GENERAL INTRODUCTION

In a typical treatmsnt of the antiaircraft problem an observer looks

through a"telescopd' at the target amd manipulates a mamal control in

such a way as to keep the crosshair of ths telescope on the target, This

Usually two separate

process furnishes the angular position of the target.

In determining the

observers are used, one for elevatisn and one for azimuth.

range of the target, another observer manipulates a control so as to super-

impose two images in a coincidence range finder or so as to establish

Thus a typical

feontact” with the object in the stereoscopic range finder.

antiaircraft installation will use three people whose role is essentially

Formerly human beings were sometimes used in

that of a servo-mechanism.

other servo-roles in connection with antiaircraft rire (pointer matching),

but an examination of tests will show that on the whole a man is much less

efficient than a mechanical or electrical servo. On the other hand,

human discernment qualified as it is by the patterns of memory and reason

will do certain things that a servo-mechanism cannot do. Besides, the

human eye possesses a sensitivity and a reliability that is not particularly

easy to match in a mechanical way. For these reasons human beings are

very useful and it is not likely that they will soon be renlaced in

antiaircraft work., We find human beings employed in this role even in

connection with electromagnetic range finders and in submarine detection

work.

It is the purpose of the prresent report to consider this problem of

a human heing in a servo capacity with special emphasis on the design of
It is a

the assoclated apparatus by which the servo action is obtaimed.

secondary objective of the present study to furnish information on the



selection and training of personnel for operating such devices., The
study as a whole is aimed at the problem of angular tracking in antiaire
craft work and even more specifically the problem of tracking in azimth
since this is the more difficult part of angular tracking, However, it
is hoped that some of the matters presented here will find avplications
to other problems where human beings are used in a similar capacity,

It has been clear from the beginning that a human being is such a
complex structure that his dynamical reactions are not well understood,
and hence that theoretical considerations, while useful, must be supple-

mented and verified by experimental work., The difficulties of the

psychological problem of coordinatior. further dictate that tests should be

made under conditions as nearly idenlical with those used in practice as

is possible. For this reason the study has been carried cut by the use

Scale

X f\\uyhr Spot
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Follower
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of a "Job miniature.” Thile a great effort has been made to accurately
reproduce, in an idealized way, actual working conditions, the problem of
how well this has been accomplished is a most difficult one.

Fig. 1 is a schematic drawing showing the fundamental structure of the
"Job miniature” used. A spot of light is reflected from the galvanometer
mirror upon the scale as shown bv the dotted line. The galvanometer is
actuated by a current suppliscd from a device designed to reproduce the
target motion. The tracker observes the deviations of the spot from the center
line of the scale and by way of a mamal control and a device called a
follower supplies a current which balances the effect of the target motiom.
Fallure of the tracker to completely compensate for the target motion is
indicated by the deviation of the light spot from the center line.

It will be instructive to compare this "Job miniature® with the
apparatue used in practice in following angular motion in antiaircraft
fire. In the "job miniature" the tracker observes how closely the

differences between the target motion and the motion he introduces by

way of the follower comes to zero. In the field, the tracker observes

how closely the crosshair of a telescope, the motion of which he controls
by way of a similar follower, coincides with the target motion. It is
rather clear that unless the tracker receives some kinesthetic cues by
turning his head as the telescope moves, that the two processes are
substantially equivalent in soc far as the kinematical aspects of the
problem are concerned. However, the question of the visual equivalence

of the two systems is more difficult, The "job miniature" has been arranged

80 that angular displacements are identical with those in the field. Magnie




fication is increased by increasing the galvanometer sensitivity by the
fastor desired. In spite of this angular ugreement, psychological experience
shows that ability to discern a lack of coincidence may vary widely under
different conditions of vision and as a matter of fact, field conditions
themselves present a wide range of conditions so that there is no clear
standard by which the "job miniature™ can be judged. ‘e have considerable
confidence that the results which have been obtained have validity in the
practical situation, but it is clear that the proof of this validity must

rest upon a demonstrated correlation with results obtained in the field.




IX. PSYCHOLOGICAL ASPECTS OF TRACKING

The selection of subjects for the present study was conditioned by two
facts. The first, a practical consideration, is that to be realistic the
individuals selected should be the best available for the job. The second,
& methodological consideration, is that any trend inherent in the data might
tend to be obscured by large individual differences, and that a relatively
homogeneous group would therefore be desirable, 1/ith these two facts in mind,
the upper quartile of the sample was chosen as the one most nearly meeting
both requirements.

In the field it has been the practice to use large handwheels of
considerable moment of inertia operating against various resistances in the
achievement of coordination. Theoretically this would tend to iupede the
development of the desired skill, since the serial reaction involved
tends to differentiate from a "mass action" type of resvonse to a delicately

coordinated response of the finer gmusculature. Small fingerimobs allow normal

progress in the acquisition of this skill. The subjects show a markedly

uniform tendency to progress from a stage in which they rely mainly on
gross arm movements to a stage in which they employ wrist and finger
movements; and, finally, to a stage in which they seel support for their
wrists and arms and operate entirely with their fingers. Obviously, hand-
wheels would not favor such a course of development. In this context, it

seems worthwhile to emumerate several hypothetical reasons for the superiority

of the more minute type of response.
First, it may be noted that the position taken by the fingers in grasping

a small lnob rotating on a horizontal axis is practically identical with that

position identified as the resting position of th- hand. This is, of course,
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a position demanding a minimum of tension and allowing free movement in any
direction. Second, from an evolutionary point of view, it is interesting
to recall that the human animal has six muscles whose tendons extend just
past the base of the wrist-~the "tool using muscles"—which are much better
developed in man than in any other animal. Man has also an especially well
developed opposable thumb, and is the only animal capable of using the index

finger separately from the other fingers, These emergences, and the vastly

superior innervation which they imply, are suggestive evidences of mans digital

speclalization.
Third, it may be observed that the muscle and tendon spindles which mediate

kinesthesis occur with much greater relative frequency in the fine muscles
of the fingers and hands than in the 2ross muscles of the arms, This fact
doubtless relat:s tc the unuestioned superiority of the finer muscles in
adjustments demanding delicacy, skill, and precision. Fourth it may be
pointed out that a finger movement, as opposed to a gross arm movement, is
less violent and distracting; and, thus, more easily integrated into a pattemrn
of fine eye-hand coordinations.
Finally, it may be suggested that while experimental evidence indicates
that under extreme stress, as in ergographic work, the finer muscles are
more quickly paralyzed by fatigue, there is in the results of the present
study no evidence of such extreme stress. Lven in operating with a finger-
knob of comparatively heavy resistance, (1500 gr. cm.) the typical subject
seemed inclined to show only a very slight fatigue decrement in performance.
The testing conditions themselves approached the optimum. Each subject
worked in isolation and silence. A preparatory signal was given at a regular
interval prior to the actual administration of the test, all subjects were
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paid for their time, and their results were posted. Competition was keen

and motivation in general appeared to be excellent.

The subjects were not informed of the fact that they were, to an extent,
similating the actions of antiaircraft gunners. The existence of a problem
of meaning might thus be posited. However, any testing situation involves
the arbitrary isolation of a certain number of relevant variables from a
universe of context. This idealization represents both the strength and
weakness of the laboratory methoc. It is, nevertheless, true that the present
test bears a closer superficial resemblence to the actual situation than

do the great majority of tests successfully employed in other realms at the

present time.
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II1. THEORETICAL STUDY OF FOLLOWING
A, Dynamical
In order to describe the fundamental nature of the errors of tracking
it 1s advantzgeous to attack the problem from a theoretical viewpoint so
as to select those experiments which best epitomize the contributory factors.
One such study has to do with the instantaneous or dynamical errors of
tracking. The basis for a study of this rests on the possibility of describ-

ing mathematically those reactions of a human being which determine his effi-

ciency as a "servo-mechanism" in the tracking problem. The term "servo" perhaps
best describes the part the subject portrays when he sees the crosshair of
the telescope drift off the target and then reacts to make the two coincids.
Fram a brief study of the latter statement it is clear that when the
subject must recct the most, his difficulties, and therefore his errors, are
greatest, If now x is the value of the control coordinate a simple
hypothesis has the form
(1) es= KX,
This states that the error is greatest when the velocity with which the
control must be turned is greatest, It is now possible to employ this equation
and the mathematical operators which characterize any given following device
in determining the dynamical errors of tracking,
Let the coordinate of the course be z, Let the mathematical operator
for a following device be L. Then, let y be defined by the equation

(2) Y =Lx),
It is clear that y is the ouput of the follower and that the true error of

tracking is
(3) €=y-2 sL(x)—Z.
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From (3) comes
(4) X=L'(z+e),

In this it is clear that e¢(z so that

(5) X DL (z),

From (1) and (5) there results

(6) € =KD z2),

Now there are weak points in the above analysis for equation (1) is pro-
bably too simple in form to be entirely accurate. It is likely that besides
the direct cause angd effect relation under consideration the deseription
should have a random element. Then too it may well be that a time delayed
operator should be employed in equation (5) for the proper description, In
Any event, however, the grosser effects should be apparent from this analysis,

For followers #5 and #6 the operator I, is

L:a-‘-—DQ

80 that 2
€= /( D [
abd +5
The larger effect here is simply
e = 'ZK DZZ o
The readings for several films combined and smoothed are compared with the
latter result in Fig. 2.

-30
. Graph of sum of 4 runs
" Second half displaced and sign reversed with 3 peww srmoothing

]
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An attempt to apply this theory to tracking with acceleration—-velocity-
direct followers will be made as soon as sufficient data for such tracking

is available,

B. Dimensional Analysis

8ince the problem of the behavior of a man in a servo role is a rather
camplicated one, it seems reasonable to attempt some restrictions on the
functional relation between the various factors involved by the use of
dimensional analysis. This type of approach seems especially appropriate
to furnish the basis for an experimental investigation. The first step in
a dimensional solution of a problem is an enumeration of 211 of the factors
involved and the selection of a set of fundamental dimensions in terms of
which the dimensions of these factors can be given. It is well known that
these factors do not need to be those commonly used, namely, mass, length,
and time., The following list enumerates first, the fundamental dimensions
that we have chosen for a solution of the tracking problem, and next, the

factors associated with each element of the tracking structure which is

schematically represented in Fig. 3.

A e 2

Follower

Figure 3
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PUNDAMENTAL DIMENSICONS

Magnification [m]
Course Coordinate [Z ]
Control Coordinate [x]

Time [ b ]
CONTRIBUTORY VARIABLES

Veloeity Component [b]
Direct Component [ a ] "

Crossover Velocity [ p]

Visual Acuity [u]
Manual Dexterity v] =
Dynamic Reaction Time [f _]

Magnification P‘” ]

Erpers Error ' [£] =/
It is well known that success of a dimensional study depends on the

ascuracy of the enumeration of the factors involved. No question can arise
about this enumeration except in connection .ith those factors descriptive
of the tracker. However, it is clear that the properties of the tracker
which are pertinent to this problem are those which have dimensions in the
field of the problem. Thus, we are inclined to attribute to the tracker a
factor in each of the fundamental dimensions. /e have done this, but the
names which are given must be regarded as only suggestive of the meaning of

these quantities. It is a weakness of the method as here applied, that there
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may be ssveral quantities to be attributed to the tracker in any one
dimension. It is also possible that the tracker should be described
by factors of more complicated dimsnsions but these factors may be regarded
as combinations of tlie simpler factors involved so that the velidity of the
method is not injured in this case.

By applying the pi theorem we find that the functional relation

connecting the factors involved in the tracking problenm is:

F(E, &, Rt, pt,av)=0

were U= % .
When this equation is solved for E there results:

E=f(%,Rt Pt av l,

To make furtheprogress 1t is necessary to determine experimentally the
function £. The form of this function suggests that the following
experimental relationships should be determined:

1. Error versus magnification holding other factors constant.
2, Error versu a, holding other factors constant.
3, Error versus p holding other factors constant.

L. Error versus R holding other factors constant.




IV. EXPERIMENTAL FOLLOWZRS

The experimental followers used in this research were designed to
approximate the conditions of aided laying by means of electrical circuits.

In the usual aided laying mechanism the relation between the coordinate y,
associated with the output or driving shaft, and the coordinate x of the

manual control may be expressed operationally as:

_y=/a+-§-)x.

In the first followers, the circuit diagram for which ia given in Fig. &
page 15, the operator b is approximated by the operator which gives
D «p i 1
the voltage across a condenser when it operates on the voltage across the

resistor and condenser in series. An additional RC circuit was added to give
the operator ‘?Wl-ﬂz' which provided an analogue to accelerational control.

When these terms are added the operational equation for the follower is

v - @+ b7~ &)

which may be written

Y = (o+ Gt (0’38)9""

In these followers B = é secsl

The amount of direct control, indicated by a in the above equations,
is determined by the tapped resistor RD. The amount of "velocity" control
is determined by the setting of the tapped resistor Rv, which takes fractions

of the voltaze swing on the first pair of condensers. This fraction is

PR R SANTIT N, L e AT T e s
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sxpressed by the letter b in equation (1). The aiding ratio, used in the
sense of these operators, is %L =z £. The position of the tap on R, glves
the amount of accelerational aiding since it gives fractions of the voltage
swing across the second peir of coirtsusers., The aceelerational aiding
ratio isf=f. These vuitages are applied to the grids of three tubes
connected in parallel with a rclatively low common plate load resistance,

8o that the three components are nearly li.early superimposed or added.

A fourth tube, whose grid voltage varies nccording to the function arc tan
pt, 1s connected in »arallel with the first three. A galvanometer connected
between the opnosite sets of plates in the push pull circult serves to

indicate when the sum of the first three voltages balances the arc tangent

voltage.
Since the operator 1 __ is only an approximation to 1 there was some
D

+B D

question as to whether or not the results of experiments with this follower
would be truly coaparable with results of experiments on aided laying in
the usual sense., It is clear that if B is not sufficiently small the
manipulation needed to track a given course may be considerably different
from the limiting case B = O, The charging of the condensers is exponential
and the continmual dropping off in the rate of charging adds to the difficulty
of tracking when the rate of the course 1s increasing, and seems to help
when the rate of the course is decreasing, apparently because in the first
cass greater and in the second case lesser hand motion is required.

In order to minimize the uncertainty of the validity of conclusions
about aiding ratios, ete.,, an electrical circult was designed in which the

rate for a given control position is nearly constant. In the new circuit
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the rate still dies off exponentially, but comparatively slowly with a

160 second time constant. Two followers, called #5 and #6, were built on the
new design. A schematic drawing of this circuit is shown in Fig. 5. The
tracking voltage appears on the cathode of the first tube, and the average
potential there is 120 volts. Fig. 5 shows the "constant rate® circuit
reduced to its fundamentals and the accompanying equations give the
approximate theory in detail. Roughly, the action is tuis: for variations
of only plus or minus 10 volts the change in grid to cathode potential
difference is relatively small. Since the vclt:ge across R is the sum of this
potential difference and the potential difference of the leads coming from
the control potenticmeter, the current through R varies only slightly as

the cathode voltage varies betwsen 110 and 130 volts. The voltzge of the
condenser, and that of the cathode, thus change at nearly constant rates
between 110 and 130 volts for fixed control positions. If it seemed
advisable the 160 second time constant of this circuit could be considerably
increased.

Any desired fraction of the control voltage can be conveniently added
directly to the cathode voltage. The fraction added is adjusted by the
tapped resistor Ry, which thus determines the aiding ratio.

The arc tangent course comes from the potentiometer at the extreme

right of Fig, 2. The average voltzge here is adjusted to 120, and the

tapped resistor R, permits fractional values of the total variation (2,

volts) to be used,
The drihle section filter takes roughness from the input without

distorting the value of the input function appreciably.
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The galvanometer in the circuit in the center of the diagram indicates

when the observer-controlled voltage balances the course voltage., The
galvanometer circuit gives adjustable sensitivity with constant damping,
Switches Sl and S, are for calibrating and for s peeding the process
of getting on, respectively. During tests 32 is open, and S; turned to
the position indicated on the diagram,

’
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V. COURSES

It is well known that it is more difficult to track in azimuth than
in elevation. If a plane is in linear flight traveling with a velocity V

and having a ground range at nearest approach of D the azimithal angle is
given by

Since ¥ is determined for a given plane on a given course it may be replaced
D

by a single parameter,p., which is, as a matter of fact, the angular

veloocity of the plane at crossover. The formula is then

@ = arc tan pf.

In order to simlate azimthal tracking in the laboratory a special
resistor was constructed so as to give a3 voltage vurying as the function?-
arc fen pt with left and right hand limits of @=orc fon-2 and P=orc tonsa
respectively., This corresponds to maximum deviations to left and right of
63.43° from crossover. Two resistors, made on cards, were mounted on a
bakelite drum of six inch diameter. The current throuzh the resistor was
supplied by means of steel fibre brushes on slip rings and the variable
output voltage came from a specially constructed contact brush. The latter
consisted of a bank of three brushes each made up of several pieces of
steel pilano wire about half an imch long extended from a flat flexible

R e S S

spring; the distance between brushes was about 3/32 inch, Several of the

wires on each brush made simultaneous contact on the arc tan resistor.

This brush structure was found satisfactory after considerable experimentation

AERRY . Pt T e -
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with single contacts, which gave inordinately rough output voltages, A

schematic diagram of the brush arrangement is shown in Fig. 7.

A

S
Amplifier

Should the middle brush lose contact the point A remains at about the same
potential by interpolation. Should either outside brush lose contact the
potential at A is unaltered. To smooth the course voltage still more it was
necessary to employ a double seetion filter with a time constant per section
cf 2 seconds.

The resistor was motor driven throuch a pair of cone pulleys which
made four values of p available. These together with typical crossover

data fer them were as follows:

P Plane Speed Crossover distance
Speed 1 025 sec™l 240 mi/hr. 4693 yds.

Speed 2 042 sec™t 240 mi/hr. 279 yds.
Speed 3 +OT1 sec™l 24,0 mi/hr, 1653 yds.
Speed 4 125 sec™l 240 mi/hr, 933 yds.
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VI. ILEZASURZENT OF ERROR OF TRACKING

Initially in the experiments on tracking the error was measured

directly from tracings., Film records were made of each individual test with

a motor driven camera with two tests recorded sirmltaneously, These were
subsequently read at second intervals with an ordinary mierofilm reader and

the average error commted from the obszervations. A sample record is shown

in Fig. 8., Electrical impulses and a neon bulb were used to record the
seconds which appear as light dots in the center of the figure. The thin
dark parallel lines come from the ruled screen and subtend 10 mils at the

subject's eye in testing. The track is the light double curve. The error

for this track is read with respect to the broad dark central line,

Figure &

B. Counters

1. Apparatus
As is at once evident the process of reading film to determine error

required an enormous amount of tedio;xs effort., To allsviate this task a

more convenient method for a large number of tests was devised. The

electrieal circuit by means of which this measuremant is made is shown

schematically in Fig., 9. Spots of licht from sources, separate from those

used to project the spots of light on the screen, are focused on shields

before the upper two ohoto tubes at the left of the diagram, There are
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slits in these shields located so that when the spots of light reflected
from the galvanometers go through the centers of the slits, the tracking
spots are centered on their screens. ‘hen the spot moves a certain distance
to either side, the 1ight is cut off from the photo tube and the grid of

the thyratron beccmes 80 negative that the thyratron will not pass current.
Four times a second nc voltage (110 volts) is applled through the rotating
switch 5 to the thyratron circuits, and each time the thyratron permits

the passave of current a count is made by the counter in series with it. The
number of these counts provides a simple method to estimate the fraction of

time the llerht snot is beyond the 1imits of the slit.

A separate ungrounded power supply connected to the terminals - and $

150 provides power for the amplifying 65C7's and the photo tubes. The bias
of the thyratron is adjusted with the 10 M varisble resistor.

Before the lowest photo tube there is a screen which cuts off the
1ight when the spot is to one side of center. Continuous A.C. of 110 volts
is supplied to the lowest thyratron. It passes current when the spot is on
the shielded side of center, and breaks the current when the 3 pot falls on
the photo tube. Therefore this counter gives the frequency with which the

error passes through zero in one direction.

2. Distribution Law
In order to ascertain t he exact law of distribution of errors to be

used in connectlon with the above apparatus, a nunber of films were analyized
oritically. The frequencies of errors for these films were plotted. The
resulting distribution had a higher than normal peak at the zero position.
careful re-examination of the analysis at first gave no clue &8 to the cause.

Then it was discovered that a slight but consistent and important blas
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toward sero on the part of the reader had distorted the film readings. By
meticulously reading the film using a mechanical aid a normal distribution
was found to fit the data and gave excellent agreement with errors properly

read from film,
All in all, a great deal of time and attention has been given to the

subject of the distribution law of errors which result from the tracker-
follower combinations which are being tested. Since the bias in reading film
has been corrected, the root-mean-squared error obtained from film and from
our counting device with a measured photo tube slit agree in typical cases
within ten percent. The counting circuits give much more consistent date
than that obtained by using film. An effort is always made to operate the
ocounting circuits where they are less sensitive to the form of the distri-
bution law, Since the final results are only used on a comparative basis

after avereging ten trials for each of ten individuals the use of the

normal curve seems entirely justifiod:

3. Slide Rule
With the apparatus described earlier in this section it is possible to

form an estimate of the error. In effect an estimate of the length of tims
the subJect held the filament image within the slit width was made by the
counting mechanism which recorded a success or failure on his part four times
a second during a test. For a given course the number of "tries" was then
fixed for all subjects and the number of times the filament image fell out-
side the slit width is functionally related to the error.

Let H be the number of times within the slit width, M the number ocutside

and T the total number of tries; then




T H+M =T,

Error = F(-;:—)

termine the corresponding root
e one-half slit width & (eas

In order to de mean error it is nerely

necessary to assume that th

11y measured)

satisfies the relationship

-/77:-‘ '-'-[ F(x) dx,

on law for & given test.
rror leads to the conclusion thal

from the normal 1aw it is merely
, so that the following

whers £ (x) is the distributi The fact that the f£ilm
runs indicate normally distributed o

for an jndividual test

t to get

the distribution law

necessary to introduce & stretching factor, sa&y A

relationships hold:
(1) /‘ Ac “‘a’x




" Purthermors, the R.M.S. error for a test is given by
(&)

RMS= | [Laxe R dy |
/,Ac'g" dx

RMS — R‘[L‘c'g‘du;
/,, c'% du

RMS— A

where¢ris the standard deviation for the normal curve.
Substitution from equation (3) into equation (6) gives

"

RMS w—_Ca__ _ __Ta
o1 (H) P(r- &)

i
'
5
i

.
e g

This equation gives the correspondence between error counts and R.M.S. error as
ordinarily used.
Because of the nature of equation (7) a slide rule based on the following

"”"*NEE;_'(.-&- s

equation is used in reducing the data:

/
(8) /ag RMS = /og T+ /ag a +/o_9 ?rm) .
The real advantage of this method of reduction rests in the fact that it
lends itself well to slit width variations inasmich as the slide rule is

L ey e R

easily adjustable for such fluctuations. If it were not for this, the
fraction of counts on, H, could have been used as a statistic in the analysis,




VII. STATISTICAL DESIGN AND THE REDUCTION OF DATA
As. The Learning Process

As & rule when an individual participates in an activity which involves
muscular coordination, which is the case in antiaircraft work, his proficiency
increases with successive trials. A cowporite learning curve for a group
of subjects under test in tricking is shown in Fig. 10, and this illustrates
the type of data which must be used in our analysis. It will be noted that
the mean error for successive trials fluctuates considerably, but that there
is an overall trend indicating improvement with time to a stabilized value.
The lower curve is for a speed of P m 071 secsl and the upper curve is
for a speed of P w ,125 sectl It is evident that the learning period is longer
for the higher value of p.

With data of this kind it is necessary to proceed cautiously so that
the leurning process does not obscure the results. A simple procedurc is

to plot composite learning curves for each group of subjects on each test

glven and use these curves to compare the efficiency of different adjustments

of the appar::tus. This method implies thst the groups are of equal skill and that
the size of the groups and number of tests taken are sufficiently great to
overcome statistical fluctuations. These two hypotheses make testing by the
use of learning curves by uncontrolled groups rather uncertain. Figs. 11
and 12 show learning curves for different controls. In this case an effort
was made to employ groups of equal ability.
A composite curve for each quartile and those for the upper and lower
halves of a sample group are shown in Fig. 13. After studying the behavior

of these subgroups in succeeding weeks the following conclusions have been

drawn.
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1. In general the relative positions of the quartile averages are maintained,

2. Some individuals of a previously lower quartile in each case surpassed
sane of those of a higher quartile,

3. A poor operator is not in general a good operator who reyuircs more
tests to complete his learning vrocess,
The better individuals were more discriminating as to differences
in apparatus than the poorer ones; the percentage of differentiation
in the mean scores i1s greater and the dispersion of the data is smaller,

B, Statistical Design

When the intensive program with follow:rs #5 and #6 was instituted, the
subjects, who were assigned to special tests, were paid for each set of
twenty trials completed 11 a given week. The new operators were given
a standardized test, withosut pay, and only the best of each group tested
were retained for testing murvoses. The learning curve became of secondary
importance in the testing program but it was realized that for a change
of adjustment of apparatus a certain number of trials were necessary before
the subject was familiar with the new test. Accordingly the first ten trials
were considered as the period necessary to becume proficient in the test and
the last ten trials were used for statistical analysis. For convenience a
caomplete set of data for the last ten trials for each individual assigned to
a special test was punched on cards, In order to adjust the data so tha: the
avera;e ability in a group could not affect the results, it was found necessary
to assign to each subject under test a merit or excellence number,

In accordance with the findings of the previous section the testing

program was organized as follows:
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‘e Each new operator first took a standard test so that excellence numbers

could be assigned to him according to his ability both on speed three

(P = .07T1 sec?l) and on speed four (p = .125 sec.~1)
A regression was made using the results of the entire group so that numbers
could be assigned to the oli operators on that basis, The use of two excel-
lence numbers was necessary for two reasons., First, most individuals could
master spead three mich more quicidy than they could speed four. Second,
some individuals were considerably better on speed three than they viere on
speed four even after they had seemingly reached their 1li.it of proficiency,
and vice versa,

The effect of using a single excellence number is shown by Fig. k.
. Here the subscript G denotes the new group, while the subscript B denotes the
old; E is the mean of the group on the special test, while N is the mean
of a composite excellence number from both speeds three and four. It is easily

seen that, in standardizing the data by use of the ratio E, for the fast speed
N

too much credit is given the novice, making the result for the control appear
worse than it really is. The reverse is true for speed three., Fig. 15 shows
the result for the same set of data when two numbers are used. It will be
noted tha’ the two curves for each spezd are almost coincident which indicates
extremely reliable results.

2. Only those subjects were contimued on the testiig who fell in the upper

quartile on the basis of the standard test.

3. The excellence numbers for each individual were corrected week by week.
A regression equation was obtained for each speed by co pparing the data of a
group with the excellence nuubers for the group for the previous week. This

equation was used to obtair the individuals excellence number for the given
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week from his weekly R.M.S. error.

An 1llustration of the extended learning process is shown in Fig, 16 whieh
is a graph of the progress of two operators for a two weeks learning period
of twelve runs per week on the standard test and cont:ol, followed by six
weeks of twenty trials each on special tests. The grach shows that the fourth
and fifth special tests did not reyuire a long learaing period either because
they were easy or becausc they presented little contrast to previocus experience.
Special test three, on the other hand, showed the opposite tendency, particularly
to operator 222, All the results of Fig. 16 are reduced to the units of the
standard test so that a better comparison may be made. ?Practically no
iaprovement is made by the operators after the third special test. Roughly,
in this case, eighty-five runs are necessary to master speed four. Similar
results were obtained for speed three, but the level was reached at the end
of the first special test or after forty-five runs. These operators were
two of the best of a new group of approximately seventy operators and it
would not be safe to generalize on the above statements.

4. In order to stabilize excellence numbers the standard test was repeated
by each individual at intervals of approximately five or six weeks,
Assignments to experimental groups were made each week on the following
basis: (a) The mean excellence nurbers for all groups shall be equal
on both speeds three and four. (b) The dispersions of the excellence
numbers of the groups shall be equal. (¢) The number of individuals in each

group shall be sufficient to give reliable results.

In compiling data for ease of ~resentation in the report tae following

procedure is used. The mean of the raw scores for a special test for a
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given group is divided by a smoothed excellence number for that group. This
gives a set of basic ratios by means of which all tests may be compared. Then
to get the R.¥.S. error in mils each test ratio is multiplied by the mean
excellence number of the entire upper quartile under test. Lean error could
have been used in the analysis, 7The distribution of errors is so nearly normal,

that to reduce the results to that basis, it is merely necessary to mltiply

the R.M.S. error by .798.

This program has been found satisfactory. Typical standard erroré of

estimates of the mean x.l.S. error for a given test using raw scores run from
«003 mil to .015 mil. In the reduction of the data individual excellence
mumbers (as contrasted with the mean excellence number for the group) could
be taken into account, but this requires considerably more work without
commensurate gain. ‘hen this is done the vilue of the standard error of

estimate of the mean of the 7.M.S. error is considerably reduced without changing

the error itself, appreciably.
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YIII. RESULTS OF TRACKING TESTS

A. Results with Followers #1 and #2

In the work done with followers #1 and #2 the subjects were asked
to take one test per day. Their cooperation was voluntary and without
remuneration. lumerous difficulties were experienced with this arrange-
ment, It was difficult to get a large enough number of subjects; it was
difficult to maintain the interest of the subjects and as their interest
in the tests abated their appearances for tests became infrequent and
sporadic. A1l thais led to undesirable interruptions of the learning process
with a resultant spread in the data. loreover, it was necessary to continue
individual subjects on a given test for a lonz period of time so that very
few experiments could be carried out expeiitiously.

In spite of the above mentioned difficulties a sufficient number of

tests wers made to compare controls, and to test different aidi:ng ratios

for different controls. The results for two valuss ol p for three controls
( a handwheel, a single fingerinob, and a double fingerkncb) are shown in
Fig. 17. These curves shows (1) that the error of tracking for the
handwheel is half again 3s large as for the double fingerknob, (2) that
the error for the double fingerknob is considerably lower than for the
single fingerknob. :h? latter indicates that the use of two hands in
cooperation gives better and more continuous control. Then too, the douvle
fingerknob has the advantage that it permits the use ~f a larger number

of turns. Other exneriments carried on for a shert time before the

intensive program was initiated further substantiate the advantaze of
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doubls fingerknob gontrols over single fingerimob controls.

B. Results with Pollowers #5 and #6

A large number of experiments have been conducted with followers #5

and #6 on a selected group of subjects who received compensation for each
set of twenty tests completed each week. Generally, five groups of ten
subjects each were taking tests; a certain test was assigned to each group
each week. The first ten trials were, however, not used in computing the
result for a given test because the data indicated almost invariably, as
previously mentioned, that a subject was improving rapidly during his first
six to ten appearanc:-. The last ten tests of the twenty were generally
very consistent, particularly for experienced subjects, and were the only
ones used for commting results for a given test. Thus, the number of
individual tests contributing to the result for a test assigned to a group
was in the neighborhood of 100, This lirge number of tests led to very
coms istent results.

In order to check the statistical approach to the problem, one test
was repeated with an entirely different group. The results of the two
tests checked within two percent. A brief perusal of the consistent results
shown in the graphs of this section will be convincing evidence of the
reliability of the statistical structure employed in the redustion of the
data.

The testing program was based to some extent on the dimensional analysis
of section III and tests were made to determine the effects of the salient

factors in the problem as revealed by:

£ =F(X, Rt, pt, av)
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The tests which have been completed are as follows:

Tests on the comparitive merits of controls of different kinds and
different values.,

Tests on the effect of magnification.

Tests on the effect of different aiding ratios.

A test with a handwheel of high moment of inertia.

Tests with frictionally loaded double fingerknobs.

Tests of the comparitive tracking abilitiss of men and women.
Tests on the effect of different course speeds,

Tests with an accellerationevelocity-direct follower,

The results of the tests are discussed under these headings. In all

of the teststwo or more values of p were used.

1. Comparison of controls

One of the aims of the testing progran was to detemmine the optimum
Ikdnd of control for antiaircraft tracking. In order to do this a series
of tests was made on controls of different types and of different values
where by the value of a control is meant the number of mils traversed by
the telescope through the agency of the direct component of the follower

per revolution of the control. In these tests the aiding ratio, direct ,
velocity

was fixed at .17 second.
Specifically, controls with handwheels nine inches in diameter and

double fingerknobs* two inches in diameter were used. Results are shown
graphically in Fig. 18. The ordinate gives the error in mils and the
abscissa the reciprocal of valus. The controls are deseribed on page 42,

The results as here shown may be summarized in the form:

*Double fingerknob controls were previously found superior to eingle fingerknot
eontrols for antiaircraft tracking, see Fig. 17.




PHYSICAL CHARACTERISTICS OF CONTROLS

The valus for each control used is glven here in terms of the

direct component when the aiding ratio is % = 17 sec.

Control Kind of Value in
Nuxber Control Mils per Rev.

Hmdwh;ol 18.4

N

Handwheel 35
Double Fingerknob 110.0
Double Fingerknob 46,0
Double Fingerknob 18.4

Double Fingerknob 5¢5
Double Fingerknob 3.5 +286
Double Fingerknob 2,6
Double Fingerknob 1.7 «588

8
5
&
3
10
7
16
9
u

Double Finge rknob 1.1 «909

Inertia Handwheel = Number & loaded with lead
Friction Fingerimob - Number 3 loaded with friction
Inertia Fingerimob = Number 9 loaded with lead
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The double finzerknobs are definitely superior to handwheels.

For high values of p the advaniuge of fingerknobs over handwheels
increases,

For high values of p there seems to be no appreciable change in
error with valte for handwheels.

The value for fingerknobs is not critical for low values of p but
for high values of p the minimum error occurs at about 3,30 mils

per revolution for the direct camponent.

2. Tests on the effect of magnification

As pointed out in the introducticn there may be some question about the
visual equivalence between the "job miniature" employed in this testing program
and tracking in the field, In order to get the effect of greater magnification
the galvanometer sensitivity was increased. A given displacement of the spot
from the center line would c'~iously be multiplied by the galvanometer
sensitivity factor in much the same manner as the a-parent angular displacement
of the crosshair of a telescope from the target depends on magnifying power.

The magnification factors used with followers #5 and #6 were 7.5x, 15x
and 30x. Results of tests with these factcrs indicate that the effect on the
error of tracking by different magnification factors is within the limits of
accuracy which arise from an inexact knowledge of the distribution law of
errors. Previous experiments with followers #1 and #2 show the same result,

A more realistic treatment of magnlficaticn can be obtained by employing

telescopes of various magnificaticns., This has the further advantage of

restricting the field of view in the same way as telescopes employed in .he




field. This experiment has been scheduled for immediate investigation,

3. Comparison of aiding ratios

For some time there has been a question about the proper ratio of ¢ in a
v

follower for optimum tracking. Direct tracking is ja-ged; velocity tracking
‘alone is smooth but erratic; a combination of the two is superior. To determine
the best combination a set of tesis with three values of p :as made. Each
test employed a different aiding ratio., Results are shown in Fig. 19 and
Fig. 20. The curves show:
That the most advantageous combination is d = .17 seconds.
That there is no appreciableshif't of the p:int of minimum error with p.
Other experiments indicate that this same combination is best for the
handwheel. One is thus inclined to regard this .17 second time constant

as a requirement of a typical man under test.

k. Test with a handwheel of high moment of inertia

One test was made with a loaded handwheel to determine the effect of
inertia. Lead was fastened in an inconspicuous place on the nine inch woed
handwheel used in other experiments. The aiding value was fixed in the two

tests at .17 seconda., The results were as follows:

Loading Error Speed 3 Error Speed 4
500 gn cx? .21 mil .38 mi1
87,000 gm cn? «25 mil 45 mi1
The table shows that inertially loaded handwheels cause the error to
increase.

5. Tests with frictionally loaded double fingerknobs
In order to find what effect the friction in a control has on the error
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of tracking a brake was applied to one of the controls. The results of three
tests, one with practically no frietion applied and the others with heavy amounts,
are shomn in Fig, 21. The torque necessary to overcome the fricticnal load

on the 5 cm (2 inch) knobs is plotted as the abscissa and the error as the

ordinate, The effects of these locads are seen to be very small’

6. Comparitive tracking abilities of men and women,

In order to determine the range of ability of men and women as operators
of a tracking device it would be necessary to draw samples from the general
populaticn of men and the general population of woren and treat them in
identical ways and then compare the results. This has not been acomplished
in the present testing program for several reasons. The men employed in the
intensive program were largely recruited from former tests and the manner
of selection in the case of these operators is not very definite., TFuither~
more, these men were from a military group who possessed a certain standard
of physical excellence and some other qualities., The selection process through
which the women passed was quite different. At meetings in dormitories and
so forth we asked for volunteers for the testing experiments. Even the volun-
teering process may have different effects applied to men and to women, As
we have selected them our group of men is slightly better than our women, the
group excellence for the men being ,168 mil and that for the women being .171
mil., Since the men have had more experience and have undergone more selection
on the basis of our tests we have no reason for a conclusion that tnere is
appreciable sex difference in tracking ability.

7. Tests on the effects of different course speeds.

In Fig. 22 is shown the -raph of error in mils against course speed p.

# In another test on loaded fingerknobs an inertial load of 41,000 gm.-cmS
was applied to control 9. The error for speed 3 increased from .14 mil
with no loading to .22 mil with loading and for speed 4 from .23 mil to J44 mil,
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There is & sufficisnt amount of curvature in the trace to indicste that the
relationship retween error and p is not quite linears
g, Tests with an accellerat,ion—velocit.y-direct, follower

At the present time we are running tests with an accellerational tern

added to the velocity plus direct cozbination-followers #5 and #6. A fex

tsste with 4 fixed st o17 seconds have been completed and the results are:
v

[}
' Error Speed 3 Error Speed 4

o b mil .28 mil
.05 9e0% a2 mil 19 mil
.10 sec? J1 mil 17 mil

The error 1s reduced quite markedly, particularly tor speed le

¢, Study of Tracking Oscillations

As pointed out in Section IV a counter circuit was arranged in one of
the followers so as to record the number of times the target was crossed in
one dirsction during a test. From this data and the length of time for
the test the average period of oscillation in tracking was determined. This
information is of particular importance in a study of the npoise” which plays
such a critical part in predicting mechanisms. The results of our studies
of tracking oscillation follow:

During the Jearning process we found that as a tracker's proficiency
jncreased his average period of oscillation® decreased. This indicates
that for a given tracking arrangement a man's accuracy of response increases
and his tine of response decreases as he becouies more adroit at tracking.

It is also evident that the greater the length of time the tracker stays close

——— v ————— e e o i S e - mm - o m— o e e e 2 i = 8 . e ——

# The period of oscillatiocn is the length of t ire elapsed between target
crogsings in the same direction.




40 the centsr of the target the mors liksly it is that his smaller oscillations
will be recorded,

In Tabls I, is shown an interesting sst of rssults of the sffect of
diffsrent aiding ratios on tracking oscillations and error. The control was
fixed with a direct valus of 3.3 mils per revolution for an aiding ratio of
«17 seconds. The table shows that there is a decrease in the period of oscil-
lation with an increase in the direct comwonent as might bs expected. An attempt
to keep the "noise" frequency down without increasing ths srror leads tc the
optimum aiding of ,17 sscond as befors selscted.

Table 1

Alding Period of Oscillation Error of Tracking
Value Spesd 3 Speed 4 Speed 3 Spesd 4

+057 ssc, 249 sec, 2,30 sec, .18 mil 26 mil
17 ssc, 2,12 sec. 1.6, sec. oLy mil 219 mil
°29 sec, 1,80 sec. 1,50 sec. »15 mil 022 mil
Analysis of data with controls of diffsrsnt value shows there is no sig-
nificant .cha.nge of th- period of oscillation with value until the value
becomes so low that control bsgins to fail,

Preliminary resulis for a fixed control with accelleration-vslocity-

direct tracking give the results ir the following table: (% = 17 sec,)

Table II

4 Period of Oscillation Error of Tracking
a Speed 3 Speed 4 Spesd 3 Spesd 4

o 2.12 1.6 b ml .28 mil
+05 eec? 3454 2.48 .12 mil «19 mil
10 eec? 3,20 2.59 Jlml 17 mid

In order to reduce the amount of srror and simultanecusly incrsass the period




“of oscillation it 1s clearly necessary to employ accelleration in the

following mechanism. The importance of tracking oscillations is apparent

when one considers the fact that the errors of prediction depend upon the
average frequency of the tracking "noise." rurther analysis of accellerational

tracking is in progress in the laboratory.
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IX. PSYCHOLOGICAL RESULTS

The true validity of the coordination test is unknown, since it has
so far been impossible to correlate results on the test with performance in
the field. This is crucial and looms zs a central problem in the study.

The weekly test-retest reliability of the present measuring instrument
18 r = ,69 for speed 3 and r w .75 for speed 4. This result is obtained by
averaging the last six trials, of the twenty per week, to establish a given
subject's mean error score or excellence number. Thus the test, as a twenty
trial unit, appears to be sufficiently reliable for group diagnosis,

The importance of differential rates of learning on the coordination
test may be estimated from Fig. 23, This shows the relative accuracy of the
selection cf ultimately successful operators from their records after various

amounts of training. This data was obtained by correlating the sutj:ct's

present excellence number with his excellence number for each of the preceeding

weeks, Any instability in the function may be attributed tc the small number of
cases (26).

The differential sensitiveness of the test is great. The mean error
score of the average performer in the top quartile is only approximately
65% as large as that of the avercge performer in the total group. ::ince the
test uncuestionably involves a complex type of reaction very simllar to the
one demanded in the ficld, it is evident that it would be possible to reduce
errors by one half t::>ugh the selection of operators alone,

As this is written, a battery of psychological tests is being administered
to the subjects of the experimental group, The work is incomplete, and the
relationships mentioned should be viewed only as tentative. However, since

the sample is homogeneous, the correlations reported are in all probability
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underestimates of the true magnitudes of the several relaticnshipe. Those
estimates which are already available follow.
1. Coordination versus centiP rank on the American Council on Education
Examination,
reo P = insignificant

Coardination versus inventory of personal data.

a. Coordination versus troublemaker
re0 P = insignificant
b. Coordination versws neuroticism
ruo P = insignificant
6. Coordination versus reliability#
re-0.575 Pm .01
Coordination versus 9-hole steadiness test
re0 P = insignificant
Coordination vers:- ambidextrality on dynamometer.##
r = 0.48 P= .01
Coordination versus ambidextrality on Minnesota rate of Manipulation
Teat, , %
r=0.3 P= 05
Coordination verswy Renshaw pursuitmeter
r=90 P m insignificant

% The reliability score relates to the subject's consistency in answering
certain dummy items.
#% This is a mean percent difference score, the subject being reguired to grip
the dynamometer with each hand on three separate occasions,
4% This is a simple difference score. The test was adm’ istered in standard

form, and the subjects took it with each hand separately,




L4

. 7. ‘It should also be observed that while the present subjects were not
| selected for visual efficiency, they all but one possess, corrected
or uncorrected, the equivalent of 20-20 Snellen visual acuity. This
would seen to indicate that the coordination test has acted to select
subjects with clear and effective vision.
An evaluation and interprelation of these results will be attempted at

. & later date, if warranted by the evidence.
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X. CONCLUSIONS

On the basis of the information supplied in this report one can draw
the following conclusionst
1. Subjects should be selected after considerable practice on the

apparatus in actual use or a good "job miniature." Fig. 23 may be
used to indicate the point in the training period at which selection
is justified but it is clear that to be most efficient the process of
selection should take place at intervals with intervening training
periods. A preliminary test for acuity of vision seems justified, and
it may be that other tests (ambidextrality, reliability, etc.) can be
employed to reduce the time and expense of selection. 3uch a process
should yield 10% of the original number of trackers who can track with
errors well under 40f of the ariginal group average.

There can be little doubt that double fingerknobts of two inch diameter
are distinctly better as manual controls ( about 65% as much error)
than the handwheels now in use. This superiority still persists with
a loading resistance of 1500 gm.-cm.

If an aided rate follower is used the time constant seems quite
independent of the angular velocity at crossover and the type of mamal
control used. The most advantageous value secems to bs R o ,17 = (20

seconds which is near the Kerrison value.

With R = .17 seconds the best overall results when p = 042 to p — .125 sec."!

are obtained with a fingerknob with a value of 3,3 mils wer revolution

The slower courses, however, permit carresponding lover values with no

loss (or gain) of accuracy.
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Magnification does not seem to be an important factor if sufficiently
high to make the errors easily resolved, It should be remembered however
that this resolution will increase in <ifficulty as the errors are
reduced by improvements of various kinds and this may rejuire increased
magnification if the full benefit of the improvements are *o be obtained.
Still more accurate following can be obtained by employing acceleration-~
velocity-direct combinations. Errors are very low and the following is
very smooth but there is difficulty in "getting on" the course initially,
It 1~ he that scme method can be perfected for overcaming this difficulty;
whether Lhe target can itself cause the same difficulty by changing its
course is not certain but the answer is probably in the negative., The
smoothness of tracking obtained with t.is device should be a marked ad-
vantage in prediction.

By the methods described above the errors can be enournously reduced.
R.M.S. errors of .14 l.S5. mils for velocity-direct cambinations and

of .09 R.4.S. mils for acceleration-velocity-direct combinations have
been obtained when following a course with p = 071 secTl. These
results are not for a selected group of operators during a lucky run

but are group averages reduced to the ability of our average upper
quartile operator by the use of excellence numbers and containing
approximately ten runs for each of ten operators. It appears to us that
even this small error is at least partly due to unavoidable fluctuations

in the apparatus. These results are to be compared with errors of .50

average mils (average error equals .80 times the root-mean-squared

erraor) on courses which are not so fast as oursaccording to results

of tests on tracking at Fort Honroe.
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