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INTRODUCTION

Xany life situation judgments concern the extrapolation of pairs
of converging objects such as approaching pedestrians, approaching
vehicles at an intersection, approaching targets on a radar display,.
Common to each is information 28 to (a) speeds of the objects, (b)
distances of the objects from their intersection, and (c) their angle
of intersection, This choice of categories, however, is not unique,
because no single classification scheme appears dictated on a pri-
ori grounds, Although certain minimm amounts of information are
necessary for a strictly "mathematical" (as versus "judgmental)
solution, the form this information takes may be quite varied. For
example, equally correct mathematical solutions may be obtalned us-
ing cartesian coordinates, polar coordinates, vectors, or any of
several relations between sides and angles of any plane triangle.
Presumably some mathematical systems are more applicable than others.
If the couching of the variables according to one system failed to
yield a satisfactory relation to lmmnan performance, another system
might legitimately be tried. There is another way of posing the
problem: Yhat sort of mathematical system might the human be said
to employ? When the investipator has been able to construct, accord-
ing to some system, a mathematical model that predicts empirically
observed behavior, he is inclined to believe he has at least a par-
tial answer to the question,

A typical extrapolation judgment is the prediction as to whether

1l



the objects (pedestrians, vehicles, targets, etc,) will eventually
collide as a result of simultaneous arrival at their paths' point of
intersection, To provide some immediate background it might be
pointed out that the present research grew out of the use of radar
displays in the control of air traffic. Here one of the typical tasks
of the operator is to recognize, from his radar display, vhen two air-
craft are in danger of colliding and to take corrective steps. In a
characteristic situation the operator sees a pair of converging dots
of light (or "blips") on his radar scope. The leading dots repre-
sent the present positions of the aircraft. The other dots repre-
sent former positions of the aircraft. Since the dots represent
successive time samples, the speed of the aircraft is given by the
distance between successive dots. The direction (or course) of the
aircraft is represented by the direction in which the dots are point-
ing. Although aircraft in flipght are in continuous motion, their dis-
play on a radar scope is discrete, and when an operator glances at a
radar scope he sees essentially a static display.

In the present study the collision situation in radar has been
abstracted in general terms to the point where the problam is a much
broader one and is related theoretically to several areas of peneral
experimental psychology as discussed belov.

Already ralsed is the question as io the analogy betwecn a mathe-
matical formula and the human's mode of performance., Subsumed under
this are other questions. ‘hat kind of errors are made in such a

perceptual task? How do the errors relate to the stimilus dimensions



of the task? What part of the total error related to any single di-
mension? What are the aimensions? How do the errors combine?

The nresant study is alsc relateu to the worlk: on visual illu-
sions, within the area of nercention. The general findinps and theory
in this area are discussed elsewhere (for example, see 2 and 1C). In
the studies of geometric illusions it is not common to find a single
mathematical forrula for the results associateu with any one figure
and its variants. However, in 1895 Heymans (6) took a step in this
direction for the Muller-Lyer fipure when he found that the amount of
illusion was nroportional tou the cosine of the angle betivesn the
oblique and horizontal sections.

A limited amount of research has been conducteu in the area of
imnediste interest for the nresent nroblem, Bowen and Vioodhead (3)
in a paner and wencil test hed JE (observers) juage single radar-
type trails ap roaching a line. Error in judging the mumber of dots
required to fill in the distance betieen the leading blip and the
line were found to increase with aistance, but were not influenced
by trail lensth, In another ctudy ( ) using a somewhnt more realis-
tic aisvlay, palrs of trails, and collision judgments, trail length
did not have a significant effect, but angle of intersection and dis-
tance to intersection uid. The latter stuuy was »~rim~rily con-
cernca vitn tie effects of the number of aots in the trail (di.c.,
phosphor persistence) anu the remaining variablcs were ernloyed only
Lo lend generality to the major-variable findings In a tnolt reanir-

ing a prediction as to which of two parallel targets woulu reach a
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line first, Schipper and Versace (8) found significant effects associ-
ated with distances from the line and speeds, but no effect due to dot
size, dot sharpness, or scope size,

Out of some of these studies grew the suspicion that several
variables not previously investigated in their own right might account
for many of the observed findings., These variables were angle, dis-
tances, and speeds (or their equivalents expressed in some other sys—
tem)., When the present research was in the plamning stage various
mathematical models were constructed for the purpose of predicting
man's performance in extrapolating pairs of lines (l.e., Judging whe-
ther objects would collide), The practice followed in constructing
these models was first to wrilte some mathematical equation which was
selected on an intuitive and best-judgment basis, Such an equation
represented the preclse mathematical relationship among the wvariables
concerned. Since the Ingnan systam, like other systems, is subject to
errors in operating, ways were explored for subjecting to variability
(or error) the separate terms or members in the equation already writ-
ten. The models obtained were then axamined in terms of the ease and
kind of research required to verify and modify them. The value of
such 2 practice was thus heuristic. Ilnstead of merely throwing some
values together ("hlind empiricism", if it indeed really exists), by
using the models it was possible to exercise more judgment in the
experimental design. For example, the experimenter could arrange to
obtain more data at points along a curve where rapid acceleration was

expected.
Three performance scores traditional to psychophysics were
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selected: constant error, average error, and variagble error. Al-
though traditional, they are also capable of sophisticated mathemati-
cal manipulation. Variable error, expressed as the standard deviationm,
was of special interest in the present study, and for several reasons.
For science in general, the uncertainty in predicting phenomena has
led to probabilistic approaches such as statistical mechanics in phy-
sics, statistical prediction of progeny characteristics in genetics,
as well as the statistical learning and statistlical perceptual theories
in psychology. Dealing frequently ac it does with man-machine systems,
engineering psychology is interested in randomly occurring errors,

Such errors are apt to be the most difficult kind to eliminate and
are inclined to have the most serlous consequences,

The study thus set forth to investigate man's ability to extra-
polate pairs of straight lines (i.e., judge collision), with particu-

lar emphasis on variability, as affected by distance, welocity, and
angle of intersection,



VETHOD

Apparatus.—Two sound insulated booths were used. The observer's
(O's) booth shown in Fig. 1 contained a 24 in. x 2} in. square opal
glass screen directly below which was a 2-1/4 in. diameter hand-crank
and a toggle switch, The hand-crank was used by O to make his re-
sponses, The switch was used by O to turn off the display and thus
signal that he had completed his adjustment., Ambient illumination was
provided by a Lite-lite fiuorescent lamp located behind U and equipped
vith two lLi-watt Sylvania "cool white" standard tubes. The experimen-
ter's (E's) booth shown in Fig, 2 contained two Optical Target Gen-
erators which served as the stimulus-producing component, The Opti-
cal Target Generator (OTG) is an apparatus developed by the Labora-
tory of Aviation Psychology, The Ohio State University (1). Essen-
tially the apparatus is a photographic 2 in. x 2 in. square clide
nrojector and its unique feature is that any photographic image pro-
jected on the screen can be moved continmuously and evenly over a wide
area without distortion. The UTG which projectea the variable object
was connected with O's hand-crank, Both UIG's were mountea on a
sliding platform which could be moved parallel with the screen, Work
light for the experimenter was provided by a Lite-hite with blue fil~
ter attached. An orange filter against £'s side of the opal glasc
screen prohibited transmission of any visible work-light into O's

booth,

Observers.—Four male students at The Ohio State University
6
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9
served as 05 . Three were naive to the specific task employed; one
had serveu in an earlier study employing the same task. Since the
study was conceived as being cssentially psychophysieal, the number of

Os employed was selected as falling within the customary range.

Instructions.-—Two one-hour practice sessions were givem each O,
The practice problems werc similar but not identical to those in the
experiment proper. Knowledge of results was given only during train-
ing sessions. To do this, E moved the variable target from O's re-
sponse position to the correct position while O watched the correction
on the screen. No further training or knowledge of resulis were
given, Our experience (7) and that of others (3) had suggested rela~-
tively litile learning effect as measured by variable and average er-
rors, and the present siudy (see Section III) bore out this belief,
As an aid to rapport and orientation, the Laboratory of Aviation Psy-
chology of the Ohio State University, and the goals of the study were
described in general terms, The specific variables and values em-
ployed in the present study were omitted, primarily because it was
believed that knowledge of them would contribute nothing helpful to
Judgments and by their irrelevancy might even be confusing. The in-
structions quoted below were road before each of the two practice

sessions,

One of the tasks of the air traffic controller is to
predict whether or not the objects he sees on his radar dis-
Play will collide, Ve are interested in how well he can make
these Judgments under various conditions,

Here we have a simulated radar display with these two
objects on converging courses such that they will cross
through their intersection (E points) at sometime in the
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future, The leading dots indicate the present position of
the two objects. The lengths of the configurations indicate
their speed. Your task is to slide this object back and
forth along its course to a position such that the two ob-
jects will reach the intersection simultaneously if they both
were to contimue at their displayed speeds and headings. We
call this object the wariable and you adjust its position by
means of this crank, The other object is not controlled by
you and is called the standard.

_ The experimenter will close a switch which will light wp
the objects in an off position., You will manipulate the knodb
and position the wvariable object so as to produce a collision.
As soon as you make your setting, press this switch. Your
accuracy will then be recorded, and the process repeated un-
ti1 10 observations are obtained. The correct answer will
be shom after the fifth and tenth setting during your two
practice hours, No further correct answers will be shown In
the sessions which follow the practice howrs. Be on your
guard against using irrelevant cues. It is our experience
that these usually lead to a poorer performance., Strive pri-
marily for accuracy. Ve find that after a few hours practice,
people are making their observations at the rate of ten sec-
onds per observation, and this is adequate,

Before starting the first practice problem, let's take
three hypothetical examples to help give you the feel of the
taske.

1. If the speeds of the standard and variable are both
1 unit, how far should the variable be from the intersection?
(Answer: the same distance as the standard,)

2. 1If the speed of the standard i1s 20 units, and the
speed of the variable is 4O units, how far should the wvari-
able be from the intersection? (Answer: twice as far.)

3. If the speed of the standard is 30 units, and the
speed of the variable is 31 units, how far should the vari-
able be from the intersection? (Answer: taking the stand-
ard's distance from the intersection as 30 units, the vari-
able should be 31 units.)

Do you have any guestions before we begin the practice
problem?

In the event of a questicn, E was prepared to reread the perti-

nent section of the instructions, However, none was asked.
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Experimental designe.——As a preface to the experimental design, an

i1lustration of terms appears desirable. Figures 3 and L show a typi-
cal problem correctly positioned to give a collision. The variahle
object always had a campass heading of 90° (i.e., a horizontal course
moving from left to right), The angle of intersectlon was defined as
the angle formed by the two objects; in the {llustration the angle is
1i5°, The speeds of the objects are represented pictorially by the
length of the configuration measured between corresponding parts of
the dots (e.g., center-to-center separation). A configuration twice
the length of another would have twice the sneed, These speeds were
assigned relative to the blip diameter which was 1/16 in, Thus the
configuration of speed L was of a length such that L additional dots,
exactly tangent to themselves and the configuration dots, might have
been interposed. The "distance-to-go" or distance extrapolated is
shovm in the figures and is the distance from the center of the lead~
ing dot to the intersection. The fipures show the variable, which
has the same speed as the standard, correctly positioned equidistant
fram the intersection,

Al xh x7 factorial design was used in vhich there were four
values for the speed variable, four for distance, and sewven for angle.
The speed of the variable object had relative values of 1, 2, L, and
5, which correspondec to the absolute values shovm in Table 1. The
standard was always speed 5, i.e., o625 in. distance bctween dots
measured center-to-center.

The values selected for the speed of the variable object repre-



Fip. 3. OUObserver's view of a typical »roblem,
(The actual display showed light blips on a dark back-
ground, )
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Table 1

Values of Speed Studied

1k

Speed of Center-to-Center
Variable Separation
Ubject of Dots
1 125"
2 .250"
h .SOO"
5 .625n
Table 2
Values of uvistance SLtudied
(in inches)
Uistance
Extrapolated, Uistance Extrapolated, Ltandard Object
Variable
Object 75" 1l.5" 34 6n
Speed 1 15 30 50 1.20
Speed 2 «30 <60 1.20 240
Speed L 50 1.20 2,140 }1 680
Speed 5 75 1.50 3400 6400
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sented a compromise between a desire to study the effects resulting
from a geometric series on the one hand, and on the otiier Lo include
one situation in which the variable and standard had nearly equal
speeds,

The four values for distance extrapolated refer to the standard,
ana were o75 in, 1.5 ine, 3 in., and 6 in, The distance extrapolated
for the variable depended on both the speed of the variable and the
distance of the standara as shown in Table 2,

The seven values for angle of intersection and the corresponding
headings of the standard object are shown in Table 3. The variable
object always headed 90° as mentioned above,

The 112 separate problems resulting from the |, x Ii x 7 design

were organized into a L x L square in which each cell was a unique

Table 3

Values of Angle of Intersection Studied

In:ggigczign ogpggzgzagzag%ggct
10° 100°
20° 110°
1;5° 135°
S00 180°
135° 2259
1600 2500

170° 260°
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cambination of distance and speed, but contained all seven angles. A
Latin square of four blocks asnd four cells and four O's was formed so
that the four O's had the same four cells within any block, but in dif-
ferent order, The seven angles were assigned randomly to each cell,
A single experimental session consisted of the seven angles and one
of the distance-speed combinations. A total of 16 sessions, of ap-
proximately one hour per session, was required per O. Quotidian
variability was thus averaged out in each session for angle, and
counterbalanced within observer-blocks for distance and speed,

The psychophysical method of adjustment was employed with Os
making ten observations per condition. Of the ten observations, half
were ascending and half descending, in random order. When E turned
on the display, O saw a pair of converging two-dot configurations,
The vardable was adjusted by O by cranking it to a position closer
to {(or farther from) the intersection until the objects apreared to be
in a colliding attitude. The O then switched off the display, and E
recorded the setting to the nearest 1/37 in. The E then displaced
the varlable again, and shifted the platforis mounting the OTGs to a
new position. The shifting was done to help overcame any tendency
Os might have to make successive dependent position responses as a
result of any specks or imperfections that might have been on the

display surface,



RESULTS

Constant error (CE), average error (AE), and variable error (VE
or SD) were computed for the ten observations in each O's 112 prob-
lems., (Because there is occasional lack of agreecment as to the defi-
nition of these terms, the computational formulas that were employed
are given in footnotes 1l-3,) The subsequent analysis was based pri-
marily on these three statistics, The present section presents the
results of an analysis by block (which measured learning effects),
and is followed by a presentation in terms of the factors affecting
the variable arxi average errors. Separate consideration has not
been afforded constant errors for the reason that they tended to be
positive in value and would therefore approximately duplicate the
functions obtained for average error.

Analysis by block.—The problems contained in the 16 sessions

wvere divided into four blocks of four sessions each, such that upon

1 an error (e) was defined as the difference between the
correct and the observed response (X). The computational
formula for constant error is

CE = -%-*l .

2 The computational formila for average error is
AE = : f@‘

3

The variable error was based on deviations (d) of responses

from O's own mean, i.e., d # X-M, The computational formu-
la for the variable error is

17
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completion of each block, all Os had done the same series of problems
although in different orders. Figure 5 shows constant, average, and
variable errors as analyzed by block, Variable error was consistent-
ly smaller than either average or constant errors, and showved virtu-
ally no learning effect. Both constant and average errors became
smaller in the course of the experiment, and the reduction in the case

of average error was approximately .2 in., or 25 per cent,

Factors affecting the variable error.—Angle of intersection hed
a pronounced and systematic effeét on variable error as shorm in Fig,
6 and 7. Pigure 6 shows an increasing degree of difficulty, when
measured by the SD, as the angle approached 180°, It is believed
(see section V) that this finding is related to the increasing diffi-
culty in determining the intersection point toward 180°, whereas the
reduced variability near 0° is related to the increasing nearness of
the objects (which is turn provides both an anchor point and greater
ease in comparing the two configuration lengths), Figure 6 also
shows four distinct curves which appear to be members of the same
family and which were generated from the four distances extrapolated,
The greater variability was consistently associated with the greater
distance extrapolated, In Fipe. 7 a family of curves is again appar-
ent for the four speeds, with a crossover point at 1,5°., It appears
that 0's work-method may differ at the smaller angles of 10° and
20° where, for example, the speed 5 problems (same speed) merely re-
quire placing the two objects equidistant from the intersection (or

for that matter, equidistant from any point on the perpendicular
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bisector of the angle)., Observers cammented to the effect that this
was their appreoach to problems involving the amall angles and cqual
or nearly equal speeds. The judgment of the intersection may be con-
siderably in error without differentially affecting the judged dis-
tances of the two objects from that intersection, Lowever, for more
discrepant speed combinations the uncertainty of intersection would
have a differential effect. For example, the problems in which the
variable's speed was 2 required that the variable be placed 2/5 that
of the standard from the intersection. In such a case the judged dis~
tance betwsen the standard and point of intersection matters consi-
derably. For angles greater than L5°, the greater magnitude of er-
ror is associated with the greater speed, except for the inversion of
the curves for speeds 1 and 2, This may simply be related to the
fact that objects displaying greater speeds must be placed at greater
distances fram the intersection, anc at greater distances the judg-
ment as to the location of the intersection becomes increasingly
difficult. The possible sipnificance of the inversion is discussed
in Section V,

Figure 8 shows that variable error as a function of distance
extrapolated is essentially a straight~line relationship over the
range investigated., This finding may be interpreted as saying that
the %eber ratio gave nearly perfect accounting of the obtained data,
where one defines the Weber ratic as SU of judgments divided by ex-
trapolated distance of the standard. No systematic effect was ob-

served when the SD-distance relationship was analyzed separately
by speed..
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Figure 9, variable error as a function of specd of variable ob-
ject for the four distances extrapolated, shows that virtually no in-
fluence was exerted by speed per se. As noted earlier, however, speed
and angle appear Lo interact. Fipgure 9 also shows that the distance
extrapolated curves maintain their identity and do not interact with
speed,

Factors affecting average error.=Figure 10 shows what appears

to be a U-shaped relation for average error as a function of anrle,
with minimm error obserwved at the cardinal angle position of 90°,
The over-all effect, however, was the result of the separate and dif-
ferential effect of the four speeds employed. As shown in Fig. 11,
there is a tendency for the more discrepént speeds to be associated
with greater average error at smaller angles, FFigure 12, average er-
ror as a function of angle for four distances extrapolated, again
shows a differential effect cdue to distance extrapolated. Whereas
equal or nearly-equal distances apnear to give averape errors which
increase exponentially as the angle approaches 180°, discrepant speeds
give rise to a U-shaped function. As shown in Fip. 13, average error
increases with distance extrapolated, in a linear fashion. Average
error also increases with increasingly discrepant speed ratio; as
shown in Fig. 1lli. Apvarently a discrepant speed ratio was handled
reasonably well if extrapolation distance was muite small (note curve
for .75 in.), but poorly handled in problems with large cxtrapolation
distances.,
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YWATHEMATICAL MODEL

It is the purpose of the present section to trace the develop-
ments leading to a proposed mathematical model, l.e., a single quanti-
tative expression, to account for the observed data as regards varie
able error. The requirements made of such a model are that it should
be parsimonious and should accurately predict the effects associated
with the three variables, l.e.; angle, speed, and distance,

In constructing a model to predict variability, a logical point
of departure aprneared to be the positiwvely accelerated, increasing
monotonic curve obtained as a function of angle of intersection (Fig.
6), and the straight line as a function of distance extrapolated of
the standard (Fig. 8). Accordingly, average SDs were divided by
distance extrapolated of the standard, and plotted as a function of
the angle. The resulting function is s homn in Fig. 15. It was an-
parent that the transformation did mot adequately account for dif-
ferences in distance extrapolated. It apreared that some other
transformation would be required to account for distance, preferably
some manipulation which would involve the extrapolation distances of
both standard and variable, Moreover, an accounting for speeds also
appeared desirable. An attempt along these lines was therefore
madeol

There were four distance magnitudes which v must in some fashion
utilize. These magnitudes are the two object lengths (wtdch renre-
sent speed), and the two distances extrapolated, as shown in Fip. 16.
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ol M

Fig. 16. An illustrative problem showing the four
essential magnitudes, where

Oy = length of the variable object,

Og = length of the standard object,

Dy = distance extrapolated for the variable object, and
Dg = distance extrapolated for the standard object.

Let us assume that there is variability associated with the per-
ception of each of the four magnitudes (Oy, Og, Iy, Dg) and th-t er-

rors are independent, i.e., their variances are addltive.

2 2 2 P)
T total ® l\/ovo + O + by + Dg . (1)

Now the Weber ratio may be written

%i_sm = & o oconstant = k (2)
stance d

J = kd (3)

or

Assuming the same Weber ratio to hold, one may then use formula

(3) as a predictor of variability for the four magnitudes.

Oy = k2042 (L)
0o, = k05 (s)
C,ﬁi - sz (6)

c’ﬂ; - Kk? “52 (7)



Substituting (I:) through (7) in (1)

O::otal"[kz Op° = k° Ug™ # k° LUy" v k° g

[\

2

", 2 -
= It A/Uvz 7+ Ug" ¢ Uy P Ug (&)

cjkotal .
K - e 5 = = (10,
«/uvz ¥+ O + Uy T+ g

The counstant k thus derivea is a kina of "adanteu Yieber ratio"

or

and is defineu by formula (1), It is eviaent from Fig. 17 that the
adapteu Weber ratio now acc nnts more conpletely for ine effects oy
aistznce eXtrapolatec than aic the kince of weber ratio snown in Fig,.

iLe The cunctant k as a Ihnnetion ot sveec of the varinsble object ic

shovm in PFig, 18, leasurrs ¢ roounecs of fit anu rreaiction were cal-

culated to "rovide a recice indication of the transforrotiona! ef-
fretiveness. 'f'he resulting stanuara error of estimate ((:f&x) vias
«17% in. anu the corresuondinge coefficient oi correlation was JLLT,
boih based on tne 11 serarate ¢ meitlons noolea for the four ve, The
neans for the acantea weber ratio al eacn o the rceven values oif angle

were ihen computea, anu the result was a rather smooth poritively ac-

celerateu, monotic increasing function. A triponometric thuiction of the

forr soovm 3 Tormula (11 was tnen fitteu by Least squares o e

Loue o Lie auastec weber ratios.

ke a4 b tan—-g- (11}

)
f_"\

wiere k the auvanted weber ratic, a, b are conctants, anu # e the
anple of intersectiion,

The recult was a forrata (1v, givine a vreaicte. value (k) for

tnec acavtea vieber ratio,.
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K = .03L8606.009477 tan —5- . (12)
Substituting k (12) into formmla (9), one obtains formula (13)
which provides a predicted measure of variable error ( &) as a func-

tion of all three experimental variables,

T'= (0386 # 0077 tan 5 ) 4f0,24 024D 2402 (13)

Formmla (13) as thms proposed handles the effects of angle by the
expression in parentheses, and the effects of distance and speed by
a kind of a Weber ratio in the expression under the square root,

In order to determine the goodness of fit of the model proposed
in formula (13), the standerd error of estimate ( Jyx) Was calculated
for the 112 separate conditions pooled for the four Os. The result-
ing standard error of estimate was 098 in. and the corresponding
coefficient of correlation (Pearson product-moment r) was .87, again
based on I = 112, The addition of the tangent function increased the

value of r from 52 to 87 and the difference was significant (pLoOl).



DISCUSSION AND CONCLUSIONS

Constant, average, and variable errors were first analyzed for
learning effects throughout the course of the experiment in four
blocks of seven angles each (Fige 5). No particular learning effect
was evidenced in terms of wvariable error, although there was some
learning in terms of a reduction in constant and average errors. It
is believed that such learning as occurred had but minor effect on the
functions obtained for the three major variables. All seven angles
were presented in different random orders for each session, and such
a design would thus handle any learning effects for angle., In that
each block represented four pairings of the four distances and four
speeds, the experimental design tended to spread out learning effects
evenly. A design which provided sufficient Or to present the 16 dis-
tance~-speed cambinations in all possible orders would of course have
achieved a comrletely even distribution of learming effects, although
at virtually prohibitive expense. However, the regularity of the
functions obtained appears to be Justification for the experimental
design employed.

As noted earlier in Fip. 6, varisble error appears to be a posi-
tively accelerated, increasing monotonic function of angle from 10° to
170°, the range studied. The effect of increased variability as the
angle of intersection approaches 180° is believed due primarily to
the difficulty involved in judging the position of the intersection.
Geometric analogies may be offered for this phemomenon, e.p., take
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any pair of converging lines which when extrapolated form an angle B,
and let one of the lines be subject to some given anpgular error of
extrapolation, then the change in the point of intersection will ap-
proach infinity as B approaches 180°., The steepness of the rise ap-
pears related to the distance extrapolated, such that with large
angles and large distances the variable error is compounded. However,
geametrically the same uncertainty as to intersectlion might be thought
to apply for angles approaching 0°. The answer seems to be that it
does, but an increase in variable error is only possible for parti-
cular ranges of values for speed and distance. On the one hand, near
zero variability may be expected for either infinitely small extrapo-
lation distances regardless of angle, or for objects of equal speed
at angles approaching 0°., The latter effect seems due to increased
ease in judging the speeds of the objJects zs being equal, and to the
relative ease in placing the objects equidistant from the point of
intersection (or fram any point along the perpendicular bisector of
the angle). A final variability-reducing effect is perhaps related
to the proximity of the two objects such that the standard acts as
a fixed reference point anu thus exerts an anchoring effect on suc-
cessive adjustments of the variable, The suggestion of an anchering
effect is not offered in the saeanse of showing causation, but rather
as being phenomenalistic, i.e,, variability tends to decrease 1hen
the objects are seen to occur close to one another.

Now as to circumstances which might result in an increase in

variable error for angles annroaching 0%, there seem to be several.
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As suggested already, such an effect should not be sought for condi-
tions associated with very small extrapolation distances or equal
speeds, Hovever, given greater extrapolation distances combined with
increasingly discrepant speeds, an increase was demonstrated (Fig. 6
and 7). Liscrepant speeds might be expected to have several effects.
As the objects differ increasingly in speed the faster one must be
located increasingly distant from the slower if collision is to result.
As they consequently are increasingly separated one from the other,
they became harder to compare, and at the same time anchoring de-
creases, Finally, it might be postulated that the human has increas-
ing difficulty in quantitative dealings with increasingly discrepant
magnitudes, The evidence in support of this last interpretation comes
from Fig., 7, in which therc is consistently greater variability for
speed 1 (a ratio of 1:5) than for speed 2 (2:5), and from Fig. 9 in
which the curves for distances 3 in. and 6 in, show a rise at speed 1.
Indeed, the true effect of the discrepant speeds was probably reduced
by the fact that the correct extrapolation distance for the slower
object decreased in proportion to its speed, and extrapolation dis-
tance has potent effects as already noted. The experimental design
thue performed a severe test of the discrepant magnitudes hypothesis.
Depending on which speeds were involved, either 10° or 90° were
Judged best in termc of both variable and average orror. Performance
was accurate when the angle was small and speeds were equal. In such
a case the task reduced to simply placing one object below the other,

and judged intersection was unimportant. ihen speeds were unequal,
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however, the judged intersection became important. The 90° angle was
associated with the more accurate performance in this case, presumably
because less error accompanied the judgment of intersection,

When variable error was pooled over all conditions for the four
extrapolation distances of the standard, the result was a markedly
linear type function as shown in Fig. 8. Thus, the ileber ratio, when
defined as the SD divided by the corresponding distance extrapolated
of the standard, showed very little vardiability about the value of
«072 over the range studied., Perhaps the sipgnificance of this finding
lies in the fact that a measure as traditional as the ‘ieber ratlo can
be applied to the complex percentual situation such as was represented
by the present study.

Since constant errors tended to be positive, the functions for
both constant error (not shown) and average error (Fig. 10-1l) tended
to be the same. For this reason it seemed more econmmical and less
redundant if but one set of functions were presented, and average er-
ror was selected. As was the case with variable error, angle of in-
tersection had a strong effect on average error (Fige. 10-12). In
general, the cardinal angle position of 90° resulted in the amallest
average error (Fig. 10). The peneral relationship tended to be U~
shaped, with greater error occurring toward 0° and 180°, However,
as 80 often is the case, the apparently simple relationship actually
represents the resolution of several separate effects., The speed
curves vary fram a J-shaped function for equal speeds (i.e., speed 5,

Fige 11) to a U-shaped function for increasingly discrepant speeds
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(eegss Bpeed 1, same figure), Thus, the results of any study limited
to the demonstration of some over-all error-angle relationship would
be dependent upon the particular value(s) of speed selected. The
same situnation also apnlies to the observed effects of distance ex-
trapolated (Fig. 12). The distance selected would determine whether
one obtained a function which was but very slightly bowed (eefe, «75-
in, curve, Fig. 12) or one which had a pronounced U-shape (6-in,
curve, same figure), As suggested earlier, the over-all difficulty
level is low for tasks employing short extrapolation distances, and,
methodologically, the shorter distances provide a region both insen-
sitive and uneconomical for the testing of a mmber of variables,
whether configurational (i.e., traffic variables) or display variables.
The finding that average error increases with distance extrapolated
corroborates the finding by Bowen and Woodhead (3) in a related ex~-
trapolation task which used one object and a line, and which required
an estimation of the number of missing dots between the line and
closest dot.

The mathematical model as developed (formula 13, Section IV)

vas desipgned to predict variable error on the basis of angle, sreed,
and distance, Human variability is of particular Interest to engi-
neering psychology, among other reasons, because of its effect on
man-machine systems, Constant errors introduced by the human can
often be corrected through tralning or equipment design. However,
variable errors which ramain in the trained opnerator or observer are
particularly difficult to cope vith, Such errors are thus of con-

cern to engineering psychology in addition to their overall theoretical
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interest. The model developed does not give perfect prediction to the
empirical data; no model ever does. With a Pearson product-moment
r & .37 between observed and predicted values, approximately three-
fourths of the variance was thus accounted for. Although the model
showed a reasonsbly good fit with the empirical data, there is no way
of knowing whether some other function should hawve been selected,
since compromise mist always be made between simplicit; and accuracy
of prediction. Perfect prediction could have been obtained at the
price of considerable mathematical complexity. However, the forrmla
thus obtained would have fitted both experimental error and main ef-
fects, and consequently vould have been grossly lacking in general-
ity. The selected tangent function is by no means a unique choice
among the mamy simple positively accelerated, increasing monotonic
functions (e.g., logaritlms, power functions, parabolas, secants,
etc,). In view of the earlier discussion in regard to increased
variability in judgments involving increasingly discrepant speed ra-
tios it would be correct to conclude that the proposed model fails
to handle this nhenomenon. Over the ranges of sneed studied the ef-
fect reduces the goodness of fit, although not seriously. Greater
speed ratios would have an effect progressively more serious. It is
believed, however, that given additional data a still more general
model than the one proposed could be develoyced without much addition
in com:lexity.

Several possible lines of attack might be suggested for future

improvement of the model. Formula 13, the model nroposed, does not
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carry amy correlation terms (d'l O Ty, ete.), i.e., independence is
assumed, It might be 1easonable to ask whether the errors are corre-
lated, JTf they are, prediction would improve with the introduction of
additional terms, The simplest case would be one in which all the cor-
relations were equal. Since there are four variances involved (from
the two distances and two speeds), unequal correlations would add six
coefficients of correlation (resulting from the four wvariances taken
two at a time). Another possible approach would be to start with the
relation Og / Dg ® Oy/ly. The objects will collide when this equa~
tion i8 true., However, since the magnitudes are subject to percep-
tual errors, one might write 608 / Oy = O'Ov / JDV. This apvroach
suggests the hypothesis that the human actis as if he were a ratio
and proportion camputer operating on lmperfect inputse

The author believes that the proposed model has theoretical in-
terest on sewveral grounds. As developed, the adapted Vieber ratio
(k) would predict an increase in variable error in situations where
the extrapolation distance was held conctant and length of object
(or in radar terminology, trail length) was inoreased. Investiga-
tions both here (7) at the Laboratory of Aviation Psychoclory, ihe
Chio State University, and the Applied Psychology Unit, Cambridge
University, England (3), have failed to show gains in performance
with increased object length, It might be noted that the investi-

gators at both laboratories, prior to obtalring thelr results, had ex-

pected an improvement of performance with increased length. 'hile,

according to the model, variability should increase with object
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length, failure to observe this effect seeme primarily due to the use
of relatively long extrapolation distances in proportion to object
lengths. Consequently, the contribution of object length to total
variance was very small, and made all the more so as a result of the
squaring of the magnitudes under the square root signe It should be
mentioned that the two studies employed values operating in usual
radar situations and, within the ranges studied, the conclusion of no
effect due to object (trail) length was justified both on the basis
of the studies themselves as well as the theoretical grounds Just
presented,

Formula 13 is, either in its final form or through its deriva-
tion, related to several older models. Equations L through 7 were
used as substitution identities and are Weber-type functions with
the standard deviation used in the place of a just noticeable differ-
ence ( A1), One aspect of formula 13 makes it different from the
Fullerton-Cattell square root law (L), from Woodworth's generalized
law (5), and from Guilford's power function (5). This difference
arises from its use of the stimulus description (kd, formula 3)
rather than a response description ( A I or ¢, one or the other of
which is used in the other models), ifere the ilems summed under the
square root sign & I values, the model could be said to incorpor-
ate both the Mullerton-Cattell square root law and the special case
of the Guilford law vhere nw,5. ‘iere the items Cfiz values, the

model could be said to incorporate the Woodworth law for the case

where r = O,
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If there was justificatian in the earlier statement as to the
significance of the application of the Vieber ratio to the distance-
variability function (Fig. 10), then the statement should apnly even
more to the development of the model derived from classical theory to
fit a complex perceptual situation., Basically the situation involved
five quantities (angle of intersection, two distances, and two ob-
ject lengths) each of which was subject to some amount of variability
or judgment error. The problem was one of determining the amount of
error associated with each of the components separately and then
learning their form of combining, It was necessary to accomrlish
this by working in the total situation with one output measure {(U's
variability in adjusting the wvariable object).

In conclusion, it is beliewved that the formmlation developed
glves prediction sufficient to Justify an assertion that the metho-
dologies of experimental psychology are equal to the task of the pre-
cise quantitative handling of some of the more camplex perceptual
activities in which the mmman engages,
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Constant Error in Inches Tabulated by Listance
Extrapolated and Speed Pooled for Four Os

Speed J75M
1 179
2 .04
L W12
5 «266
Mean o167

APPENDIX

Sumnary Data

Table L

Listance Exprapolated

l.Sll

o313
-L96
«296
277
«316

L8

3"

«77L
L0k
«301
#3517
59

an

1.516
1.160
910
H70
1,064

Mean

096

0’107
0393



Angle
Intersec

10°
20°
Ls°
90°
135°
160°
170°

Mean

Table 5

Constant Error in Inches Tabulated by Speed and

Angle of Intersection FPooled for Four Oc

of
tion 1

843
0995
636
oL39
618
535
o771
#0696

619
o918
51l
o377
«502
607
219

Speed
L
»301
300
o079
<068
509
560
1,028

o’lo7

089
088
0126
0122
#6li8
685
«991
0393

Kean

o163
583
#339
«251
ST7
598
o752

LS



Table 6

Constant Error in Inches Tabulated by Ulstance Lkxtrapolated
and Angle of Intersection Pooled for Four Us

Ddstance Extrapolated

Inntgs:cZion J75" 1.5% 3 én Mean
10° o129 0220 138 1.066 163

20° «093 237 «707 1.29 o583

1:5° 092 o1l L7 « 950 #339

90° 085 2182 $216 523 251

135° o152 393 500 1.162 o577
160° 221 o712 1110 1.0L9 598
170° 101 536 567 1.L0S <752

Mean 0167 03,46 01159 1006)4



Table 7

Average Error in Inches Tabulated by Llistance
Extrapolated and Speed Pooled for Four Us

Distance Extrapolated

Speed o 75" l.5" 3n én Mean
1 189 326 932 1.60L o763
2 e1h3 1196 oT1h 1.282 559
L «11:0 379 362 959 1160
5 271 o110 <160 1,182 581

Nean .186 /103 617 1.257



Table 8

Average Error in Inches Tabulated by Distance Extrapolated
and Angle of Intersection Fooled for Four Os

Distance Extrapolated

Angle of

Intersection oT5" 1.5% 3w 6" Mesn
10° «138 220 <501 1,096 80

20° 103 239 707 1.29L o586

L5° 095 <203 JUT0 97k o136

90° e1lL 0233 329 725 350

135° 186 395 o652 1.186 605
160° «2L0 740 563 1.377 <730
170° o125 o789 1,096 2.k 1,113

Mean 186 <1103 61T 1.257
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Table 9

Average Error in Inches Tabulated by Speed and
Angle of Intersection Pooled for Four Os

Angle of Speed

Intersection 1 2 L 5 Vean
10° 873 590 301 $091 J:69

20° R 958 ¢303 - 038 586

L5° 85 o533 2192 <128 JL36

90° 1:50 377 o2Lh 329 350

135° <619 o555 ¢530 685 505
160° 555 715 592 1.055 o730
170° 0926 782 1,057 1,688 1.113

Mean 0763 559 o160 «581



Table 10

Variable Error (SD) in Inches Tabulated by Distance
Extrapolated and Speed Pooled for Four Os

Distance Extrapolated

Speed JI5M 15" 3n &n Mean
1 057 101 217 0L .202
2 «N55 127 «202 32 o177
L «08L o113 «183 «393 «201
5 L9 o1li6 «233 o5 «236

Mean 086 129 «216 <384



Table 11
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Variable Error (SD) in Inches Tabulated By Distance Extrapolated

and Angle of Intersection Pooled for Four Os

Angle of
Intersection

10°

20°

o75"

«027
o031
#0L9
«053
«102
o136
«20k

«086

Distance kxtrapolated

15"

OL7
«0LY
066
«080
o142
o2l5
275

129

3"

127
«NB1

6n

Mean
09k
«000
097
«130
0266
325
1130
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Table 12

Variable Error (SD) in Inches Tabulated by Speed and
Angle of Intersection Pooled for Four v

Angle of Speed

Intersection 1 2 Iy S Mean
10° 77 J121 SOl 2 <036 <05l

20° »108 102 062 oO)7 2079

Ls® 099 099 099 091 97

90° 121 «109 o1l #1565 o136

135° 0232 0222 <280 «329 o266
160° «29h «260 320 125 «325
170° 384 .32l 01156 ¢550 130

Mean «202 o177 «201 0236



Table 13

Variable krror (sSD) in Inches Tabulated by vistance

fxtrapolated, Speed, and Angle of Intersection

Angle of

Intersection

10°

135°

160°

170°

Speed

wmeE NN

-t

N

_—N e wEoH (2R —ugl VN g

&0 - wnmE o W

(e
~

o75"

«03L
QOhg
«017
«017

.0).!9
.Olll
.OBO
<01l

<005
cOBh
o052
Rl

028
032
04l
090

«065
068
110
0167

0063
<00k
o105k
<2l

093
«OC1
o17L
oh?O

Distance Extrapolated

1,5m

Neypl
072
028
o016

095
oOhS
.0116
o021y

’071
+OLS
253
o069

+064
067
«085
«103

#0861
«133
o173
«181

o161
0222
291
311

o177
0307
#2990
o319

3“

«315
o112
»037
0L

1l
«109
»053
#0050

«107
157
o116
<069

#095
120
o1li3
o173

285
266
o331
«303

359
320

$316
oL12

oi57
o321
o207
01

()n

o206
259
086
068

o193
e13
»130
059

Q181
+161
o150
180

0296

51
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