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*FOREWORD

This report was prepared by the Psychology Branch of the Aero Medical
Latoratory, Directorate of Research, Wright Air Development Center under a
project identified by Research and Development Task No. 71514, "Control Design
and Arrangement." The research program was begun with Norman E. Stump acting
as Task Scientist. Later, Mr. Stump accepted employment with private industry,
turning the ressarch program over to James V. Bradley. The research effort
was greatly facilitated by frequent consultation with the following members
of the Controls Section of the Psychology Branch: John W. Senders (electronic
circuitry), W. Dean Chiles (statistics) and John P. Hornseth (general experi-
mental methodology). '

The experimental data were collected at Antioch College under Contract
No. AF 18(600)}=50 under the direction of Dr, Virginia 1. Senders. The authors
are indebted to Dr. Senders for a critical review of the first draft of the
report and many excellent suggestions which improved the final form of the
report. They are indebted to the entire Human Engineering staff at Antioch
College for analysis and presentation of data, particularly so to Alan Lapiner
(graphs) and George Norris (analysis of variance).
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ABSTRACT

A series of experiments was performed to determine the minimum allowable
dimensions of ¢ircular, nondetent knobs mounted upon concentric shafts when
frequent inadvertent operation of adjacent coaxial knobs cannot be tolerated.
Both unshielded knobs and knobs whose front faces were shielded agsinst inad-
vertent operation were investigated. A standard setting was used, and measures
were taken of reach time, turning time and inadvertent touching of adjacent
coaxial knobs., Manipulated variables were thickness, diameter and difference
in diameter between the operated knob and the adjacent knobs.

The conclusion was reached that if three knobs are to be concentrically
ganged, and if the middle knob is about 2 in. in diameter (1) the diameter of
the front knob should be at least 1 in. smaller, and that of the back knob 1 1/4
in. greater, than that of the middie knob, (2) the front and middle knobs should
both be 3/4 in. thick but the back knob may be as thin as 1/4 in. These state-
ments apply to both unshielded and shielded knobs., Statlstically significant
decrements in performence between adjacent experimental conditions were found
when dimensions smaller than these were used. ‘

Comparisons between the panel space consumed by nonganged knobs and by
concentrically ganged knobs indicated that panel spsce will seldom be saved by
concentrically ganging knobs when the following conditions obtain: (1) the
knobs can be operated by application of moderate torque, (2) the difference in
diameter between concentrically mounted knobs is large enough to insure that
their inadvertent operation will be infrequent, (3) small diameter (1/2 in. to
1 in.) nonganged knobs are acceptable substitutes for the larger diamster con-
centrically ganged knobs,
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INTRODUCTION

As aircraft and air missions increase in complexity, more and more instru-
ments must be crowded into the limited panel space available, It is desirable,
therefore, to find methods of grouping instruments which will permit a greater
instrument "density™ without seriously impairing the efficiency of operation of
the instruments concerned. One technique suggested to meet these requirements
is to gang or "stack" several control knobs along the dimension perpendicular
to the instrument panel by mounting them on concentric shafts (Fig., 1), It is
the purpose of this report: (a) to determine the minimum allowable dimensions
for concentrically ganged knobs, (b) to determine under what, if any, conditions
panel space is saved by using ganged controls of these minimum dimensions.

—— T
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Figure 1: Concentrically Figure 2: Hazard of inadvertent operation
ganged knobs, of adjacent knobs.

Ganging control knobs probably increases the chance of inadvertent opera~
tion of adjacent knobs. In turning one of the knobs, the operator's finger tips
or knuckles may scrape against the face of the knob immediately behind it, or
his fingers or palm may scrape against one of the knobs in front of it, thereby
invalidating the setting of the knob inadvertently operated. (Fig. 2)

Inadvertent operation of the knob behind the operated knob presumably can
be eliminated by shielding the face of each except the foremost knob. Shield-
ing, however, does not prevent inadvertent operation of the knob in front of
the operated knob. Since a shield would necessarily be of smaller diameter than
the knob it protects (to allow the knob to be grasped and turned), the edge of
the knob remains unprotected. Furthermore, shielding itself introduces problems.,
If the shield is fastened to the chassis, then the support which anchors the
shield to the chassis is an obstruction to the fingers in turning any except the
foremost knob. (Fig. 3) Where multiple rotation knobs are used, there would be
strong objections to this type of shield. Even with single rotation knobs, one
would expect speed and ease of operation to suffer. On the other hand, if the
shield is fastened to the knob shaft, each shield, in effect, is part of the
knob to whose shaft it is attached. Thus, since the diameter of the shield must
necessarily be considerably larger than that of the knob mounted on the same
shaft, the chance is greatly increased that, when turning the protected knob,

WADC TR 55-355 : 1



the operator's fingers will overlap the shield and thereby inadvertently turn
the knob to which it is attached. (Fig. 4). Finally, there is a method of
shielding which would be free from the objections listed above, but which, in
all probability, would be unacceptable to design engineers because it would
nearly double the number of concentric shafts required for a given number of

anged knobs, This would be to fasten the shields to fixed concentric shafts
.%"shield" shafts alternating with "knob" shafts) which would not rotate and
whose sole purpose would be to anchor the shields.

FINGERS OVERLAP SHIELD
AND TURN MIDDLE KNOB TC
WHICH IT I3 ATTACHED

THAN 180° WITHOUT

REGRASFING
Figure 3: Disadvantage of shielding Figure 4: Disadvantage of shielding
knobs when shielda is attached teo knobs when shield is attached to
the chassis. the knob shaft.

In the series of experiments to be reported here, the situations in which
an operator makes settings with either the front, the middle or the back knob
of three concentrieally ganged knobs were simulated or reproduced. Because the
chance of inadvertent operation is inferred from the frequency of inadvertent
touching, the results will apply only to a series of concentrically ganged knobs
all of which are capable of being operated by the application of moderate tor-
que., Specifically, the results will not apply to concentrically ganged detent
knobs.

Three variables associated with knob dimensions were investigated: thick-
ness, diameter and difference in diameter between the operated xnob anc the
adjacent knobs. Design engineers may set their own criteria for minimum allow-
able dimensions. The authors took as minimum allowable dimension the largest
value tested at which performance was significantly superior to performance at
the next smaller value. This was usually the point at which the time or error
curve became nearly parallel to the XZ-axis. Another perfectly reasonable cri-~
terion would be dimensions which give rise to an arbitrarily selected percentage
of errors, such as errors on 5% of all trials. Designers wishing to use such a
eriterion will find the necessary figures in the Appendix. Obviously such an
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approach can be expected to result in an entirely different set of '"minimum
allowable dimensions."

APPARATUS AND PROCEDURE

The subject's task was to reach from a fixed position, grasp one of three
ganged controls and make a standard setting. When the results were to apply to
unshielded controls, he was instructed to avoid touching any of the other knobs
in the series. When shielded controls were to be simulated, he was instructed
only to avoid touching the knobs in front of the operated knob (since shielding
protects the knobs behind the operated knob but not those in front of it). In
either case he was instructed to regard the controls to be avoided as being set
to an extremely delicate adjustment, the accuracy of which was just as important
as that of the adjustment he was to make with the operated control. He was fur-
ther instructed to consider that the slightest touch of the hand would invalidate
the setting of a control inadvertently touched. With this orientation he was
instructed to work both for speed and for accuracy as defined by absence of inad~
vertent touching of the "prohibited" controls. Inadvertent touching, rather than
inadvertent operation, of a "wrong" control was selected as the criterion of
error because frequency of inadvertent operation would necessarily be a function
of the amount of torque required to move the inaavertently operated knob, It is
not intended that frequencies of inadvertent touching be interpreted as absolute
frequencies of inadvertent operation. It is intended only that they serve as an
index of relative "task difficulty” or "error susceptibility® in comparing one
experimental condition with another. Finally, the subject was asked aiways to
grasp the operated control with the thumb diametrically oppeosite the fingers and
in contact with the knob.

The apparatus is shown in Figure 5. The sequence of operations was as
follows, At the start of a trial the operated knob was in either its extreme
counterclockwise or its extreme clockwise position (i.e. with the black radial
line on its face pointing at 8 o'clock or at 4 o'clock), and the subject was
depressing the telegraph key with his dominant hand. The experimenter then
threw a switch to illuminate the amber light. This was a sighal to the subject
that, whenever he was ready, he might reach up, avoiding the "prohibited" knobs,
grasp the "operated" knob and turn it until the black radial line on its face
was pointing straight up, at which point the light would go out. When he had
turned out the light, the subject was to return his hand to the telegraph key
until the experimenter threw a switch disconnecting his tize clocks from the
subject's apparatus., The throwing of the switch was a signal to the subject to
reset the operated knob. He was to alternate the starting position of the black
radial line between its extreme clockwise ana its extrewe counterclockwise posi-
tions, There were five clockwise ana five counterclockwise settings for each
experimental conaition. '

The experimenter's apparatus recorded: (a) reach time ~ the time elapsed
from the release of the telegraph key until the operated knob begins to turn,
(b) turning time - the time, after the operated knob starts to turn, that the
knob spends outside of the narrow "adjustment" zone in which the black raaial
line on its face is vertical and the amber light is extinguished, (c¢) back knob
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errors - inadvertent touching of the knob immediately behind the operated knob,
(d) front knob errors - inadvertent touching of the knob in front of the operated
kneb. Any frequency of touching of a particular "prohibited" knob during a sin-
gle trial was counted as only one error. Only those errors committed during a
"trial" proper were recorded; errors in resetting the knob were not counted.
Both time and error scores were recorded on the theory that they are complemen-
tary measurements: a subject may make few errors because he is willing to spend
an inorainate amount of time in meticulous operation of the kneb, or he may make
low time scores because he does not exercise sufficient care to avoid errors.

A difficult condition, therefore, may escape detsction by one of these measures,
but it is unlikely to escape detection by both.

In order to assure consistent operation of the thyratron circuits, the
subject (except in Experiment I-B) was biased with 22 volts D.C. by means of
a clip attached to his dominant forearm. In Experiments I-A and I-B, a very
sensitive thyratron circuit was used. In all other experiments, the thyratron
circuit recording fronteknob errors was guite sensitive, However, the back-
knob-error thyratron circuit was appreciably less sensitive to touching, Fre-
quencies of back~knob errors, therefore, should not be compared with frequencies
of front knob errors.

Seventy-six male college students served as subjects for these experiments.
Since clockwise and counterclockwise settings were alternated under each condi-
tlon, it was deemed safe to use both right and left-handed subjects. In any
given experiment, each subject performed under every experimental coadition,
thereby acting as his own control. The order of presentation of experimental
conditions to the various subjects was balanced in a manner tending to cancel
out learning effects. fach condition of each variable was presented the same
number of times first, second, third, etc. The subject was not told what mea-
surements the experimenter was recording; however, all of the measurements taken
could be inferred from the clicking of relays.,

A number of experiments was conducted in which the effect of various para-
meters was lnvestigated when the front, the middle or the back of three ganged
knobs was operated., The variabless manipulated as well as the constant values
assigned to the nonmmanipulated variables for each of the experiments can be
found in Table I. The specific values used for the manipulated variables will
not be reported in the text but can be obtained from the graphs, Reasons for
the choice of the constant values selected for the nommanipulated variables
can be found in the Discussion section of the pilot study.

In three of the experiments, shielded as well as unshielded knobs were
investigated, the only changes in experimental procedure when shielded knobs
were simulated being that: (a) subjects were instructed to avoid touching only
those knobs in front of the operated knob, (b) the back knob was disconnected
from its touchplate circuit so that only front knob errors were recorded, (c)
a number of new subjects, equal to that used in investigating unshielded knobs,
was used. It will be noted that results of experiments in which the middle of
three shielded knobs is operated are also applicable to the situation where the
second of two ganged knobs is operated, since, in effect, the subject ignores
the third knob. Furthermore, the results would be egually applicable to shielded
and unshielded knobs, since shielding would serve only to protect the second knob
when the front knob was operated.
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There were occasional variations in the general apparatus and procedure
described above. In Experiment I~A, errors were recorded, not by a light on
the experimenter's panel, but by a Veeder counter which operated every time the
back knob was touched during a trial (an error, however, was still cefined as
one or more inadvertent touchings in a single trial), The operation of the
counter was far noisier than that of the holding relay used in the succeeding
experiments, and the association between its operation and the commission of an
error was far more compelling than was the association between errors and relay
clicks in the experiments which followed.. In Experiment I-B, the subject was
given no instructions whatever concerning the avoidance or nonavoidance of
adjacent knobs. The "back knob" was a 9 in., diameter metal plate, fastened to
the chassis by four screws, In Experiment IV, the subject operated the back
knob and a single touchplate cireuit was used to record inadvertent touching of
gither the front or middle knob. Therefore it was impossible to determine which
knob had been the cause of the error. In Experiment V, the subject made set-
tings with his eyes closed, and reset the knob with his eyes open. The overhead
lights were extinguished and the subject "observed" the amber light through his
closed eyelids, using the associated relay clicks as supplementary cues., The
subjects used for this experiment were the same subjects who had been used in
Experiment IV. They were run immediately after the completion of Experiment
IV with no interval between experiments other than that necessary to read a new
set of instructions. The reason for this procedure was to provide the subjects
with a foreperiod of practice (Experiment IV) in which to learn the location of
the operated knob and acquire a kinsesthetic "feel" for the task.

PILOT STUDY

This experiment was an explora- _
tory one. It was intended that its '
results should indicate the proper
direction for more precise and spe- AVOIDED

c¢ific experiments,

CPERATED

N

The task required was the
operation of the middle knob of
three, unshielded, concentrically
mounted knobs, This was presumed
to be the most difficult task
ancountered in the operation of
three concentrically mounted knobs.
It was selected for investigation
on the assumption that a variable
found to be weak or insignificant .
in this situation would probably DIAMETER CF OPERATED INOB,
be negligible in all others. It D o eotomD Foma
was hoped in this fashion to reduce AND THICKNESS (QF ALL
the humber of variables requiring | THRES IOIOBS) VERE VARIED
investigation in the experiments ,/’/
to follow.

AVOIDED
L

Figure 6: Specific task conditions for
pilot study.
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The diameter of the operated knob, the diameter difference between the
operated knob and both the front knob and the back knob, and the thickness of
all three knobs were varied, In any given experimental condition, all three
knobs had the same thickness, and the same value was used for both diameter
differences. There were four conditions of each variable, making 64 possible
combinations. Each of these combinations was tested. The experimental design
is described by Lindguist (3). Each subject performed under one fourth of the
possible conditions in such a way that each subject performed under all two
variable combinations but under only one fourth of the possible three variable
combinations.

TABLE II

Results of Statistical Analysis for Pilot Study

Significance Levels from Analysis of Variance

Diameter : TxbixD
Type of Measure Thickness Difference Diameter TxDD IxD Dixb (Within Groups)
Back Knob Errors »001 001 NS 001 NS NS .001
Front Knob Errors .001 001 001 .001L NS .01 .001
Reach Time .00L .001 01 NS NS .01 001
Turning Time .001 .001 001 NS .01 .00l .001

Discussion of Results: Because the experiment was intended only as a
guide for further research, only those results which strongly infiuenced the
direction taken in subsequent experiments will be discussed, the discussion
being based solely upon the graphs and the analysis of variance for errors,

Diameter, as a main effect, influenced only front knob errors. Its only
significant interaction was with diameter difference for front knob errors.
For both error measurements, thickness ana diameter difference were highly sig-
nificant, both as main effects and in interaction with each other. Diameter,
then, is by far the weakest and least important variable of the three. An
examination of the graphic data suggests that, when diameter had a significant
effect, the significance was probably due to the 3 and 4 inch diameter values,
where performance was poor, rather than to the 1 or 2 inch values. In most of
the experiments to follow, therefore, the diameter of the operated knob was
hela constant at 2 in. since this figure seems to be about the optimum, since
small changes in diameter around 2 inches apparently have little effect upon
performance, and since 2 inches permits reasonable values for front and back
knob diameters when a aiameter difference is used which the graphic data seem
to demand (i.e. about 1z in.).

WADC TR 55-355 8
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Error scores for the operation of the middle knob of a series
of unshielded, concentrically mounted knobs when thickness, diameter
difference and diameter of the operated knob are varied,

Errors continue to diminish rapidly with increasing diameter difference up
One inch, then, is not a sufficiently large

to the end of its range of values.
difference in diameter to reduce errors to a tolerable level.
experiments to follow, the range of diameter aifferences was extended.

Therefore, in the

Diameter difference appears to have its greatest effect upon front knob
errors, although back knob errors are also affected.

WADC TR 55-355
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TABLE III

Error Results for Pilot Study

Z Back Knob EBrrors

Diameter Difference

¢ Front Knob Zrrors

Diameter Lifference

V4 12 34 _1 /4 12 34 L.
1/ | 79.2 65.8 50.8 34.2 98.3 79.2 32.5 23.2
Thickness 1/2 | 49.2 31.7 19.2 18.3 83.2 57,5 30,0 lbob
(A1l diameters 3/h | 10,0 10.8 7.5 7.5 56,0 4ho2 27.5 16,7
combined)
1 11.7 9.2 9.2 5.0 56,7 36.7 30.0 33.3
1 35,0 38,3 18.3 12.5 70.0 46.7 13.3 ——mm
Diameter 2 36,7 24.2 21.7 11.7 75.8 52.5 20.0 5.8
(A1l thicknesses 3 32,5 28.3 24.2 18.3 70.0 52.5 28,3 25.8
combined) '
A 4L5.8 26.7 22.5 22.5 77.5 65.8 58,3 34,2
Diameter Diameter
1 2 3 & 1 2 3 i
/4 ] 55.8 50.0 59.2 65.0 67.8 54.2 58.3 64.2
Thickness 1/2 | 27.5 27.5 32.5 30.8 47.8 43.3 41,7 60.8
(A1l diameter dif- 3/4 | 1.7 7.5 5.8 10.8 2Ly 28.3 31.7 60.8
ferences combined) .
1 9.2 9.2 5.8 10.8 33.3 28.3 45.0 50.0

Percentage of Front Knob Errors When Middle Knob Is 1" in Diameter

1/4"

1/211
Thickness

3/1_‘"

in

WADC TR 55-355
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diminish with increasing diameter difference (as more back knob area becomes
exposed to the hazard of inadvertent touching) it seems obvious that it is not
the diameter difference between the middle and back knob, but rather the dia-
meter difference between the middle and front knob, which influences back knob
errors. Presumably, at small diameter differences,the subject, in attempting

to aveld touching the front knob, reaches farther back on the middle knob in
grasping it, thereby increasing the chance of touching the back knob and record-
ing a back knob error. If this be true, then bagk knob errors vary with diameter
difference only because the subject is trying to avoid touching the front knob.
In any event the data suggest that the diameter difference between the middle
and back knob is an irrelevant variable. In most of the experiments to follow,
therefore, the back knob was assigned a large constant diameter, and only the
diameter difference between the middle and front knobs was varied.

Since thickness was varied for all three knobs simultaneously, it is impos-
sible to say with certeinty which knob thickness is responsible for a certain
effect, It seems entirely reasonable to assume, however, that the influence of
thickness upon back knob errors is mainly attributable to the thickness of the
middie knob. The knob whose thickness affects front knob errors is more diffi-
cult to identify on logical grounds. One might expect front knob errors to
increase as front knob thickness increases, since this brings the face of the
front knob closer to the palm of the hand. Cn the other hand, one might expect
front knob errors to increase &s middle knob thickness decreases, since subjects
may grasp the middle knob closer to its face when thickness is small in an
attempt to avoid back knob errcrs. In the present experiment front knob errors
increased with decreasing thickness. Therefore the evidence supports the second
hypothesis. However, both hypotheses may be true, the second effect being
stronger than, and obscuring, the first when thicknesses are varied simultan-
eously. It would be desirable, then, that these two hypotheses be tested
separately in the experiments to follow.

Table ITI shows that large diameter differences are necessary even with
small diameter knobs. Wilcoxon's nonparametric test for paired replicates (4)
was applied to the data for front knob errors when the operated knob diameter
was 1 inch. Statistically significant improvements in performance were found
for each increase in diameter difference from 1/4 in. to 3/4 in. (at which the
error frequency was 13.3%). Since at a diameter difference of 3/4 in. the front
knob is 1/4 in. in diameter, it is clear that using knobs of small diameter does
not relieve one of the necessity to use large diameter differences.

WADC TR 55-355 11
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TABLE 1V

Statistical Analysis for Experiment I-A

Significance Levels from Analysis of Variance

Type of Measure Thickness Diameter T x D Interaction
Back Knob Errors +05 NS NS
Reach Time -001 »001 NS
Turning Time .01 001 «05

Significant (two tailed) t Tests Between Adjacent Conditions

Thicknesses At Which Sig. Diameters At Which Sig.
Type of Measure Compared Diameter Level | Compared Thickness Level
Back Knob Errors None A1l Not
Significant Coabined Tested
Reach Time 1/4 & 1/2 A1l .001 1&2 A1l .05
Combined Combined
1/2 & 3/4 Al 01
Combined
Turning Time 1/4 & 1/2 1 05 1&2 1/4 005
/4 & 1/2 3 .05 b &3 1/2 .05
Conclusions: When the front knob of a series of unshielded, concentrically

ganged knobs is to be operated, performance will suffer if the knob is less than

3/4 in. thick.

This performance decrement will be confined mainly {to operation

time, however, since errors are guite infrequent under all thickness conditions

tested.

While the optimum diameter appears to be in the neighborhood of two or

three inches, a diameter as small as one inch may be used without increasing errors
but at an additional cost in time,

EXPERIMENT I-B

This experiment repeated Experiment I-A except that shielded knobs were
simulated and tested, ,

WADC TR 55-355
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Type of Measure

Reach Time

Turning Time

TABLE V

Statistical Analysis for Experiment I-B

Significance Levels from Analysis of Variance

Thickness

»05
NS

Diameter T x D Interaction
001 NS
001 NS

Significant (two tailed) t Tests Between Adjacent Conditions

Thicknesses At Which Sig. | Diameters At Which  Sig.

Iype of Measurs Compared Diameter Level | Compared Thickness Level

Reach Time 1/2 & 3/4 A1l .05 1&2 Al 001
Combined Combined

Turning Time Not l&z2 A1l «001
Tested Combined

L & 3 All 001
Combined

WADC TR 55-355 14



Conclusions: When the front knob of a series of shielded concentrically
ganged knobs is to be operated, a 1 in. diameter knob is too small for optimal
performance scores. However, since concentric ganging necessarily involves the
use of knobs of several different diameters, a diameter of 1 inch for the front
knob cannot be rejected simply because it is not the optimum,

EXPERIMENT II-A

_ This experiment investigated the effect of front knob thickness and the
diameter difference between the middle and front knob when the middle of three,
unshielded, ganged knobs is operated,

TABLE VI
Statistical Analysis for Experiment II=-A
Significant (two tailed) t
Significance Levels Tests Between Adjacent

from Analysis of Variance Conditions

Front Knob Diameter T x DD Diam. Diffs. At Which Sig.
Iype of Measure |Thickness Difference Interaction| Compared - Thickness Level

None ALl
Back Knob Errors NS 01 NS Significant Combined
All
Front Knob Errors NS .001 NS /4 & 1/2 Combined .0l
A1l
1/2 & 3/4 Combined ,01
All
Reach Time NS 001 NS 1/4 & 1/2 Combined .05
All
1/2 & 3/4  Combined ,00L
' Al
Turning Time NS .01 NS /4 & 1/2 Combined .05
A1

1/2 & 3/4  Combined .0l

WADC TR 55-355 15
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Conclusions: When the (2 in. diameter, 1/2 in. thick) middle of three
unshielded, concentrically ganged knobs is to be operated: (a) performance is
indepeadent of the thickness of the front knob (within the range: 1/2 in. to
1 in. front knob thickness), (b) performance in general suffers when a diameter
difference of less than 3/4 in. exists between the front and middle knob,

EXPERIMENT II-B

This experiment repeated Experiment II-A except that shielded knobs were
simulated and tested,
TABLE VII
Statistical Analysis for Experiment II-~B
Significant (two tailed) t
Significance Levels . Tests Between Adjacent

from Analysis of Variance Conditions

Front Knob Diameter T x DD Diam. Diffs. At Which S5ig.

Iype of Measure |Thickness Difference Interaction|Compared Thickness Level
Al
Front Knob Errors NS .001 NS /4 & 1/2 Combined ,01
A11
1/2 & 3/4  Combined .05
A
1&11/, Combined .05
‘ A1l
Reach Time NS .001 NS 3/L &1 Combined ,05
None Al
Turning Time NS .0l NS Significant Combined

WADC TR 55-355 17
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Conclusions: When the (2 in, diam-
eter, 1/2 in. thick) middle of thres,
shielded concentrically ganged knobs is
to be operated: (a) performance is
independent of the thickness of the
front knob (within the range: 1/2 in,
to 1 in. front knob thickness), (b}
performance suffers when a difference
of diameter of less than 1 1/4 in.
exists between the front and middle
knob, '
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Figure 13: Specific task conditioms
for Experiment II-B,
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EXPERIMENT IIT-A

This experiment investigated the effect of middle knob thickness, and
diameter difference between the middle and front knob, when the middle of three,
unshielded, conceatrically ganged knobs is operated. One of the "thicknesses"
investigated was a 1/2 in, thick knob separated by a 1/2 in. space gap from the
face of the knob behind it, so that the distance between middle knob face and
back knob face was one inch.

TABLE VIII
Statistical Analysis for Experiment III-A

Significance Levels from Analysis of Variance

Typs of Measure Middle Knob Thickness Diameter Difference T x DD Interaction
Back Knob Errors .001 05 05

Front Knob Errors 001 .001 001
Reach Time 001 »001 NS

Turning Time NS »001 05

Significant (two tailed) t Tests Between Adjacent Conditions

Thicknesses At Which 3ig. Diam. Diffa At Which Sig.
Iype of Measure Compared Diam, Diff. Level Compared Ihicknesgs Level
. None
Back Knob Errors 1/2 & 3/4 1/2 .05 Significant
1/2 & 1/2
spaced 1/2 1/2 .01
1/2 & 1/2
spaced 1/2 11/ 05
Front Knob Errors 1/2 & 3/4 1/2 .05 1/2 & 3/4 1/2 .01
1/2 & 3/4 3/4 .01 1/2 & 3/4 3/k 001
1/2 & 3/4 1 05 | 1/2 & 3/4 1 .05
1/2 & 1/2
spaced 1/2 i/2 .001 3/h &1 1/2 .05
1&11/4 /2 001
All Al
Reach Time 1/2 & 3/4 Combined .01 1/2 & 3/4 Combined .001
1/2 & 1/2 A11 ALl
spaced 1/2 Combined 001 3/ &1 Combined .001
Turning Time Not Tested C1/2 & 3/4 3/4 .01
1/2 & 3/4 1 .001
1&11/, 1/2 .05

WADC TR 55-355 19
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Conclusions:

when the (2 in. diameter) middle of three, unshielded, con-

centrically ganged knobs is to be operated: (a) performance improves with

increasing middle knob thi

conditions, spacing between middle and back knobs is

ckness up to a

thickness of 3/4 in., (b) under certain
eguivalent to and inter-

changeable with middle knob thickness (because performance with the 1/2 in, thick
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middle knob separated by a 1/2 in. space gap from the back knob was statisti-

cally indistinguishable from performance with a 1 in, thick middle knob with

no space gap, but was frequently superior to performance with a 1/2 in. thick

middle knob with no space gap), (c) performance improves with increasing diam-
oter difference between front and middie knobs up to a2 diameter difference of

1 in. for performance in general and up to 1 1/4 in. in certain cases,

EXPERIMENT III-B

This experiment repeated Experiment III-A except that shielded knobs were
simulated and tested.
TABLE IX
Statistical Analysis for Experiment III-B

Significance Levels from Analysis of Variance

Typs of Measure Middle Knob Thickness Diameter Difference T x DD Interaction

Front Knob Errors NS 001 .05
Reach Time Ol .001 NS
Turning Time NS 05 NS

Significant (two tailed) t Tests Between Adjacent Conditions

Thicknesses At Which Sig. |Diam. Diffs. At Which Sig,
Type of Measure [Comparad Diam, Diff. Level |Compared Thickness Level
Front Knob Errors|Not Tested 1/2 & 3/4 1/2 .05
1/2 & 3/4 3/4 .001
1/2 & 3/4 1 .05
1/2
1/2 & 3/4 spaced 001
1/2
3/4 & 1 1/2 01
3/4 &1 3/4 .05
All A11
Reach Time 1/2 & 3/4 Combined 05 11/2 & 3/4 Combined .00
1/2 & 1/2 A1l
spaced 1/2 Combined .01
Al
Turning Time Not Tested 1/2 & 3/4 Combined ,05
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Conclusions: 'When the (2
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This experiment inves-
tigated the effect of back
knob thickness and the dif-
ference in diameter between
the back and middle knobs
when the back knob of three
concentrically ganged knobs
is operated.

Since shielding pro-

EXPERIMENT IV

tects only the knobs behind

the operated knob, shield-
ing has no effect when the
backmost of a series of
knobs is operated as in the
present experiment. Result
of this experiment are ther
fore applicable to both™

]
e-—

shielded and unshielded knobs.
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TABLE X

Statistical Analysis for Experiment IV

0 d
gperated - ometer T x DD [Diam. Diffs. At Which Sig.
Type of Measure |Thickness Difference Interaction [Compared Thickness Level
Front Knob Errors| NS - X001 ©L05 1/2 & 3/4 3/4 .01
3/h &1 1/4 -05
1&11/4 1/2 .05
Al
Reach Time NS .001 NS 1/2 & 3/4 Combined .05
Al
1&11/4 Combined .05.
ALl
Turning Time NS 01 NS 1/2 & 3/4 Combined .05

Conclusions: When the back knob of three concentrically ganged knobs is
to be operated, and when the middle knob is 2 in. in diameter: (a) performance
improves with inereasing differences in diameter between back and middle knob
up to a diameter difference of 1 1/4 in., (b) back knob thickness may be as
small as 1/4 in. without greatly increasing operation time. The statistical
eriterion for concluding that errors vary with back knob thickness was almost,
but not quite, met. The general appearance of the data suggests that such an
effect did exist. Therefore, it is difficult to formulate a concise positive
conclusion as to the minimum allowable thickness of the back knob.

EXPERIMENT V

This experiment was designed to determine the effect of "blind reaching"
upon performance in the operation of concentrically ganged controls. "Blind"
operation of the middle of three, unshielded, ganged knobs, was selected as the
task since this represents the most demanding situation to be encountered.

In Experiment III-A, at certain middle knob thicknesses, the task performed
was quite similar to that required in the present experiment except that the
settings were made with the eyes open. By comparing these two axperiments,
therefore, the interested reader will obtain a gross indication of the extent
to which performance suffers because of the necessity to make settings "blindly".

WADC TR 55-355 2L
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Figure 19: Specific task conditions and results for Experiment V.
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TABLE XI

Statistical Analysis for Experiment V

Significance Levels from Analysis of Variance

Type of Measure Thickness Diameter Difference T x DD Interaction
Back Knob Errors .01 .01 .05

Front Knob Errors 05 .00L NS

Reach Time 01 0L NS

Turning Time NS .05 05

Significant (two tailed) t Tests Between Adjacent Conditions

Thicknesses At Which Sig. |Diam. Diffs. At Which Sig.
Type of Measure |Compared Diameter Diff. Level|Compared Thickness Level
Back Knob Errors | 1/2 & 3/k4 1/2" 0L | 1/2&1 1/2" .05
1/2 & 3/4 i 05
ALl
Pront Knob Errors| 1/2 & 3/4 Al Combined 05 11/2&1 Combined .OOL
A1l
1&11/2 Combined Ol
| A1l
Reach Time 1/2 & 3/4 All Combined Ol | 1/2&1 Combined .0l
Turning Time ‘| Not Tested 1/2 &1 1/2" 01

Conclusions: When the (2 in. diameter) middle of three, unshielded, con-
centrically ganged knobs is to be operated '"blindly": (a) errors can be markedly
reduced by using a middle knob thickness of at least 3/k in., (b) even with a
3/4 in. thick middle knob, a diameter difference at which errors would be neg-
ligible would probably be prohibitively large. At treasonable" knob dimensions
(1.5, middle knob 2 in. in diameter, 3/4 in. thick, dismeter difference 1 1/4
in.) the number of trials resulting in an error, though appreciable, is fairly
low, probably being somewhere around 10 percent.
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SUMMARY OF RESULTS

Of the four measures of performance taken, back knob errors appeared to
be sensitive primarily to operated knob thickness. Front knob errors responded
most dramatically to diameter differences. Reach time was sensitive to all
real effects, although not always so sensitive to diameter differences as were
front knob errors. Turning time was virtually insensitive to knob thickness
and was generally somewhat inferior to reach time in reflecting changes in the
second manipulated variable. Reach time, in a sense, was the best measure of
error hazard., The nonoccurrence of an error can in no way reflect the diffi-
culty with which its occurrence was prevented by the operator., A time score,
however, can reflect the cost of accurate performance and can do so on every
trial, Reach time was particularly well suited to be such an index of error-
conduciveness, including as it did, the time necessary to assume a manusal,
grasping posture which would permit taking hold of the proper knob without
touching the adjacent knobs,

A number of logical criteria can be used to arrive at "minimum allowable
dimensions"., All, however, involve some arbitrary decision as to what degree
of performance decrement is intolerable. The authors used a statistical cri-
terion. The largest dimension at which performance was significantly superior
to that at the next smaller one was regarded as the minimum dimension allowable.
Here, of course, the size of the sample, the level of probability chosen for
"significance", and the "distance" between adjacent dimensions tested all imply
arbitrary decisions of the type just mentioned. Those who prefer to define
minimum dimensions as those resulting in a specified percentage of errors will
find Table XIII useful.

Table XII presents minimum dimensions as defined by the statistical cri-
terion, The reader is strongly urged to give due weight to the following con-
siderations in interpreting this summary table of results: (1) Only statis-
‘tically significant differences between adjacent experimental values of a
dimension are reported. Therefore some larger nonadjacent value may be signi-
ficantly superior to the value entered in the table, (2} Probably because of
the small N used, the largest value of a dimension which is significantly
superior to the next smaller value is frequently itself appreciably smaller
than the value at which the "curve" for the dimension leveles off. (3) The
value entered in the table is sometimes the largest value tested in the experi-
ment, This is particularly true of the "blind operation® experiment, In such
cases, much larger values might have qualified for entry into the table had
only they been tested. (4) Statistical significance is based upon the .05
level of significance for a two tailed t-test for matched pairs. This is by
far the safest procedure when the possibility of a nonnormal distribution exists.

Referring now to the summary table of results, the thickness data are
fairly clear cut. Whether shielded or not, the front and second ganged knobs
(of a series of either two or three ganged knobs) should be 3/4 in. thick for
good performance, The third knob may be as thin as 1/4 in. if it is the last
knob and if its diameter is in the neighborhood of 3 in., Under certain condi-
tions the space between a knob and the knob behind it may have the same effect
as knob thickness.

WADC TR 55-355 27

-



*paqss] SBM UYOTYM UOTSUSWTP o44 Jo ontea q8sdaet o4y sT LIjue aTqey eyl ~ SUTTJILDU] PTIOZ
soTqeTIRA pojRThditEw JBUR0 Yy JO SUOTITPUOD UTR3Ied Japun LTuo PYTRA ST AIqus eTqRl ~

*guoT1TpUod queselps

UeeM}eq DUNOY SJoM §,4 JU=OTITUBTS ou 9ng ‘euo quedsTITUSTS ¥ ST UCTSUsWIP SY3 3Byl PejedIpul ooUTTIRA JO sysdTeuy - g
*ou0 UBOTJTUSIS ® j0U S UOTSuewIp oyj ‘ecustaea Jo sTsireur £q pSUTWMS3SP SY - oN

[4 4 #2 r4 SN (1 dxg) JaejeuweTg qOUY JuUOIY
(o "dx¥q) qouy STPPTN JeISWETP T B

#T T /T T #T Jo uotgetedo ,pUTTY, J0J 8JUSISIIIQ JOISUBT(
(AT °dx@w) qouy STPPTH (J878WRTD 4T “AOTUI

%/€ YT T /T T e /Tt /T T ul/€) PUR jovY UsoM3Dq ©DUSISIIT] JSFBUWEI(
(ITT *dxm) qouy oTPPTH (489eWeTP uZ) PU®

L7453 /¢ #T /T 1 T AT T g quoay (XITU3 42/T) Usemleq adUSIL]IT] JeIOWET(
(IT *dxg) qouy STPPTN (JISISWETP 4T “3OTUI

S T /T 1 /€ w/€ /€ s uZ/T) PUe AUOJJ USSMISQ BDUAISIIT[ I8IBWET]
(AT “dxm) (a%/€ €

SN SN N SN SN SN 03 /T 2z :efuey I8qeUBT() SSSUHITYL qouy }oeg

aN k744 we 7€ [(a *dxz) (uorimasdg WPUTTE,) SSOUNOTYL q0uy STPPTN

SN w/¢ SN SN /¢ #M/E #M/€ (171 "dx¥) ssewyoTyl qouy STPPTH
(IT *d=m) (pegjeaedo

SN SN SN SN SN SN SN 8T qouy SLDPLW USiM) SSSUITYL qouy JUOIy

SN /€ »Z/1 v/ g (1 *dxg) seewioTYl GOUY FU0IY
owL], SWT ], SJI0XIY owWL], aurt], SJ01IY 8J0X.IYq {Pe15a] UOTUH UT JUsWTISdXy %) UOTEULWL(

Futuany yoeey qouy quody | Futuang yowey qouy juoay  qouy oy

sqouy PepPTOTUS

sqouy pepTeTUsu(

("sareg psyoqjeN JoJ £1s9] 3 POTTRL omy uodn peseq)

*snTRp JOTTBUG FXON 2U3 ¥

qeyl 07 JoTJadng ATJUeoTITUSTS &8 ©OUBWIOFIsJ YOTUM 9B UOTSUSWT qouy UYoey Jo onTej 3seBJae]

SIINSEYE 40 TIEVL RdVIUOS

ITY ST8VL

28

WADC TR 55-355



Since the evidence so clearly indicates that a 3/4 in. thick middle knob
should be used, only the data on diameter difference for a middle knob 3/4 in.
thick or more Eor data for all middle knob thicknesses combinad, when there is
no significant diameter differsnce by thickness interaction) will be discussed.
Diameter difference data, then, inaicate that for good performance the diameter
difference between a 2 in. diameter, 3/i in. thick middle knob snd the front
knob should be at least 1 in. The diameter difference between the same middle
knob and the back knob should be at least 1 1/4 in. (and probably should not be
greater than 1 1/2 in, - See variation of front knob errors with increasing
operated knob diameter in the Pilot Study.). At smaller diameter differences
than these, performance will suffer whether shielded or unshielded knobs are
used,

Data on knob diameter suggest that the optimum knob diameter is somewhere
in the neighborhood of 2 or 3 inches, that both speed and accuracy suffer at a
diameter of 4 in. and that speed is reduced at a 1 in. diameter. A front knob
diameter as small as 1 in,, then, can be used without increase in errors but
at an additional cost in operation time. '

_ In general, the minimum allowable dimensions for shielded knobs have been

no smaller than those for unshielded knobs, It would appear, therefore, that
while shielding is of definite advantage in eliminating back knob errors and in
providing a stationary surface upon which to print graduation marks, numbers and
labels, it contributes very little, if at all, to the saving of panel space when
the statistical criterion for minimum allowable dimension is used,

THICKNESS CAN BE AS DISTANCE EETWEEN KNOB
SMALL AS 1/4* I FACES SHOULD BE NO
AND IF THIS IS THE

BACKMOST KNOB G

SHOULD BE NO LESS

8 THAN 1/2°
SHOULD BE NO LESS

Figure 20: Minimum allowable dimensions for either shielded op unshielded
knobs when (a) knobs can be operated by application of moderate torque,
(b) frequent inadvertent operation of adjacent controls cannot be toler-~
ated, (c) diameter of the middle knob is between 1 1/2 and 2 1/2 inches.
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TABLE XIIT

Frequency of Inadvertent Touching of Adjacent Kncbs When the Front, Middle or
Eack Knob of Three Concentrically Mounted Knobs is Operated

Number of Times in 100 Knob Operations that an Adjacent
Knob Could Have Been Thrown Off Its Proper Setting (i.e.
Sum of Percentages for Back and Front Knob Errors)}

Diameter Difference Unshieldad Knobs Shielded Knobs
. Between Operated
Operated Knob and Knob Operated Knob Thickness : Operated Enob Thickness
Knob In Front of It /4 /2 3/4 1 /4 1/2 1
Front. — 4l SO {.9) 0 - (=) - -
1/2 78.3 40.0 26,7 30.0 31.7 18.3
3/4 35.8 ° 8.3% 8.3 15.0 11.7# 10.0
Middle
1 17.5 5.8 5.8 3.3 3.3 8.3
11/, 10.8 4.2 (0) (2.5) 0 1.7
1/2 33.3 20.8 25;0 33.3 20.8 25.0
3/4 32.5 20.8 10.0% 32,5 - 20.8 10.0%
1 17.5 15.8 G 17.5 15.8 9.2
Back
11/ 10.8 2.5 5.0 10,8 2.5 5.0
11/2 3.3 5.8 (.8) 3.3 5.8 (.8)
1 3/4 9.2 5.8 2.5 9,2 5.8 2.5
Minimum Allowable Dimensions Correspond
Criterion for Minimum Allowable Dimension Te Table Entries Which Are:

Statistical ' Underlined

An adjacent knob inadvertently touched about once in
100 operations, Bracketed
{Three knobs operated with equal frequencies)

4n adjacent knob inadvertently touched less than 10
times in 100 knob operations. Starred
" (Three knobs operated with equal freguencies)

The 1/4 in. thickness is not recommended for the front knob since operation time was much longer at /4
in. than at the 1/2 in. thickness.
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GENERAL DISCUSSION

The large diameter differences which are necessary Lo prevent front knob
errors strongly suggest that (when the avoidance of inadvertent operation of
adjacent, nondstent, concentrically mountéd controls is a critical consideration)
panel space will seldom be saved by mounting knobs on concentric shafts. Table
LIV permits a comparison of the amount of panel area consumed by concentrically
ganged knobs versus that consumed by the seme number of nonganged knobs, It
will be seen that if a 1 in. dismeter difference be used (the smallest diameter
difference that would be used if errors were an important consideration) con-
centrically ganged controls, with one trivial exception, actually require more
panel space than the same number of 1/2 in. diameter isolated knobs.

H

TABLE XIV
Panel Area (Times 64/fr ) Required for a Given Number of Knobs When
They Are Concentrically Ganged Versus That Required When They are Completely
Isolated from Each Other (Diameter of Front Ganged Knob: 1/2 Inch)

"Clear Space"

Margin To Be
Left Around
No. of Knobs for Diameter Difference Between Diameter of
Knobs Finger Clearance Ganged Knobs Isolated Knobs
U2 3 1 4 1z w1
2 None 16 25 36 A 8 18 32
2 1/2n 64 81 100 121 72 98 128
2 3/4" 100 121 144 169 128 162 200
2 i Ly, 169 196 225 200 242 288
3 None 36 64 100 144, 12 27 L8
3 1/2n 100 144 196 256 108 147 192
3 3/4" Lk 196 256 32 192 243 300
3 1 196 256 32, 400 300 363 432

The comparison becomes more unfavorable to the concentrically ganged knobs
with greater front knob diameter, greater diamster difference, and with larger
numbers of knobs to be ganged, Even with large margins for finger clearance
(around the backmost ganged knob and around all of the isolated knobs with which
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Example 1: Five 1/2 in. diameter Example 2: Four 3/4 in. dismeter
knobs can be placed, 1 in. apart, in knobs can be placed in area shown in
the same panel space as is consumed Exemple 1.

by three concentrically ganged knobs

of minimum allowable diameter diff-

erence. (Front ganged knob 1 in. in

diameter)

Example 3: Nearly three 1 in. di- Example 4s Four 1/2 in. diameter
ameter knobs can be placed in area ¥nobs can be placed, 1 in. apart,
shown in Example l. in the same panel space as is con-

sumed by three concentrically gang-
ed knobs of the minimum allowable
diemeter difference. (Front ganged
knob 1/2 in. in diameter)

Figure 21: Number of separated knobs of various diameters which can be placed

1 in, apart in the same panel area as is required for three concentrically
ganged knobs. Example 4 is a limiting case. The combination of diameters
shown for the concentrically ganged knobs was not specifically investigated.
It is probably the smallest set of concentrically ganged knobs whose use is
implicitly acceptable on the basis of these experiments.
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the comparison is made) no appreciable amount of panel space is saved by concen-~
trically ganging two knobs unless ths isolated knobs with which the comparison
is made are of large diameter. The table used completely isolated knobs as the
comparison. If the nonconcentrically ganged knobs, however, are arranged in a
matrix so that the same "margin" can serve for adjacent knobs, the comparison
becomes still more unfavorable to the concentrically ganged knobs. (Fig, 21)

The allowable spacing of separated knobs arranged in matrices has been investi-
gated under very nearly the same task conditions, measurements, etc., as in the
present series of experiments (2). The results of this research indicate that,
generally speaking, three small diameter knobs arranged in a matrix result in
considerably fewer errors than do three concentrically ganged knobs consuming
the same amount of panel space., The data comparisons leading to this conclusion
are extensive and complicated and do not lend themselves to concise presentation,
The interested reader, therefore, is invited to consult the original data
included in both this report and that concerning knob crowding for substantia-
tion of the contention that "erowding" small diameter knobs is a more efficient
means of economizing on panel space than is mounting a series of knobs on con-
centric shafts.,

It should be emphasized that the foregoing reasoning is specific to the
following conditions: (a) the knobs in question are continuous rotation (i.e,
low friction) knobs, (b) frequent inadvertent operation of adjacent coaxial
knobs cannot be tolerated, (c¢) the primary purpose of mounting the knobs on
concentric shafts is to save panel space. Where these conditions obtain, it
would usually be undesirable concentrically to gang more than two knobs and
would frequently be undesirable even for two.

Concentrically ganged controls may still be desirable, however, under the
following conditions: (a) when the knob operations involved are sequentially
or functionally related, particularly when it is necessary or desirable to pro-
ceed from one knob to another without visual reference, (b) when neither inad-
vertent operation of adjacent knobs nor small delays are critieal (e.g. If one
knob of a television set controls "focus", the other "volume", the operator will
receive immediate visual or auditory feedback of inadvertent operation of an
adjacent control which he can then correct with negligible delay.) Here small
differences in diameter can be used, and panel space can therefore be saved,
(c) when large diameter knobs must be used whether the knobs are ganged or
isolated, (d) when it is necessary to save space behind the panel, (e) when
detent knobs are to be used, or when certain combinations of detent and con-
tinuous rotation knobs are to be used. Detent knobs necessarily consume con-
siderable panel area since a large lever arm is necessary o exert the required
torque. A very slightly larger continuous-rotation knob could be placed behind
the detent knob at a very small additional cost of panel space. "Front knob
errors", when the continuous rotation knob is operated, would be irrelevant
since a detent knob cannot be thrown off its setting by a mere touch., Back
knob errors, when the detent is operated, could be eliminated by shielding, or
could be reduced by increasing the thickness of the detent or by spacing it
farther in front of the continuous rotation knob, Panel space would have been
saved, Finally, subjects in these experiments were instructed to work for
both speed and accuracy. Where speed is not a consideration, accuracy may
increase accordingly and smaller diameter differences may be tolerable, at the
expense, however, of additional "strain" upon the conscientious operator in
making an accurate setting.
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AFPPENDIX

NUMBER AND PERCENT OF ERRORS AND AVERAGED REACH AND
TURNING TIME SCORES FOR EACH OF THE SEPARATE EXPERIMENTS
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TABLE 777

NUYBER ANT PERCENT ERRORS AND AVERAGED TIME SCORYS FOR EXPERIMENTS I-A and I-B

EXPTRIMENT I-A

EXPERIMENT I-B

Front Front Knob Thickness Front Knob Thickness
Knob
Veasure Diameter 1/4  1/2  3/4 1 ALl Y4 o 1/2 3/ )] Al1
1 3 0 1 ‘0 A
Total 2 2 2 ¢} 0 I
Number
of - 3 2 i 1 C 4 No Data. Tzaken
Errors
A 6 0 1 0 7
AlL 13 3 3 0 19
1 3.75 0 1.25 C 1.25
2 2.50  2.50 0 0 1.25
Percent]
3 2.50 1.25 1.25 0 1.25 No Data Taken
Errors
A 7.50 0 1.25 0 2.19
A1l 4L.06 b I 0  1.49
1 .8531 L6605 L6153 5459 6687 5556 L5470 L4943 4820 .5197
2 8055 622 .5426 5289 6249 4888 L5100 L4389 4564 L4735
Averagd '
RZZchg 3 L7731 L6170 L5228 L5096 L6056 L7360 L4901 L6700 L4205 L4628
T i .
e 4 L7608 (6155 5510 .5276 L6137 L4534 L4989 4268 L4384 LS54
A11 L7981 ,6289 5579 .5280 6282 L9290 (5115 L4568 L4453 L776
1 1.845 1.387 1.337 1.366 1.484 149, 1.460 1.510 1.418 1.470
2 1.346 1.279 1.212 1.186 1.256 1,291 1,148 1.278 1.208 1.231
[pverage 1.392 1,191 1.190 1.083 1.214 1.199 1.298 1.156 1.050 1.176
Marning | 3
[ime L 1.433 1.327 1.297 1.179 1.309 1.338 1.363 1.320 1.266 1.322
A1l 1.504 1,296 1.259 1.204 1.316 1.330 1.317 1.316 1.236 1.300
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TABLE XVII

NUMBER AND PERCENT ERRORS AND AVERAGED TIME SCORES FOR EXPRERIMENTS IT-A AND II-B

DHameter
Difference EXPERIMENT II-A EXPERIMENT II-B
Between
Front and Front Knob Thickness Front Knob Thickness
Measure Middle 1/2 3/4 1 ALl 1/2 3/ 1 AL
Knobs
/4 17 15 27 59
1/2 10 5 7 22
, 3/L 3 5 5 13
Back 1 2 2 2 6 No Data Taken
Knob 11/4 11 3 3 17
Errors |y 1/2 L 2 L 10
A11 47 32 L8 127
/4 28.33 25,00 45,00 32,78
1/2 16,67  8.33 11.67 12.22
Percent 3/h 5.00 8.33 8.33 7.22 No Data Taken
Back 1 3.33 3.33 3.33 3.33
Knob 11/4 18.33  5.00 5,00 9,44
Errors 11/2 6.67 3.33 6,67 5.56
A1l 13.06 8,89 13.33 11.76
1/4 L8 L6 43 137 38 38 32 108
1/2 22 19 21 62 23 29 - 21 73
Front 3/k 9 9 2 20 10 16 12 38
Knob 1 3 2 A 9 : 5 6 9 20
Errors 11/L 0 1 2 3 0 2 2 L
11/2 2 0 2 L 0 3 2 5
A1l 8l 77 Th 235 76 94 78 248
1/4 80,00 T6.67  TL.67 76.11 63.33 63.33 53.33 60,00
1/2 36,67 31,67 35.00 3h.4L 38.33 48.33 35.00 40,56
Percent | 3/4 15.00 15,06 3,33 1.1 16,67 26,67 20,00 2L.11
Front 1 5,00  3.33 6.67 5,00 2,33 10,00 15.00  11.11
Knob 11/ 0 1.67 3.33 1.67 0 3.33 3.33 2,22
Errors 11/2 3,33 0 3.33 2.22 0 5,00 3.33 2.78
Ml 23.33 21,39 20,56  21.76 21,11 26,11 21.67 22,96
1/4 8933 .9353 .9388  .9225 L9197 - L9195  .8018  ,8803
1/2 L7257 L7690 L7538 « TH95 8753 .7630 7733 L8039
Average 3/4 L6507 L7363 L7213 L7028 L7277 7820 6862 7320
Reach 1 6620 L6995 L6965 L6860 © 6617 .6193 .6275 .6362
Time 1 1/4 L6358 L6957 .6897 L6737 6397 L6178 L6077 L6217
11/2 b5 L6610 L6892 6649 L6042 +5995 6035 6024
A1l JT020  J7495 7482 7332 . 7380 .7168 .6833 .7128
1/4 1.923 2.025 1.985  1.977 2.275 2452  2.199 2,309
1/2 1.750 1.629 1.543  L.6A1 2,244,  2.023 2,196  2.154
Average | 3/b 1456  L.462  1.384  1.43L4 1.889 2,061 1.829 1,926
Turning 1 1.381 1.539  1.387 1.435 1.658  1.622 1.803 1.69%
Time 1 1/4 1471 1,321 1.451 1.414 1.801 1.622 1.637 1.687
11/2 1.344 1.338 1.538 1.407 1.525 1.548 1.751 1.608
A1Y 1.554 1.552  1.548  1.551 1.899 1.888 1.903 1.896
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TABLE XVIII

NUMBER AND PERCENT ERRORS AND AVERAGED TIME SCCRES FOR EXPERIMENTS III-A AND ITT-B

Diameter EXPERIMENT III-A EXFERIMENT III-B
Difference
Between Middle Enob Thickness Middle Knob Thickness
Front and
Measure Middle Knobs 1/2 3/4 1 1/2 with A1l 1/2 3/4 1 1/2 with A1l
1/ gap 1/2% gap
1/2 30 9 6 2 47
3/4 15 L 0 3 22
Back 1 10 3 2 2 17 |
Knob 11/4 13 3 0 0 16 No Data Taken
Errors ALl 68 19 g 7 102
1/2 25,00 7.50 5,00 1.67  9.79
3/k 12.50 3.33 0 2.50 4.58
Percent 1 8,33 2.50 1,67 1,67 3.54
Back 1 1/4 10.83 2.50 0 0 3.33 No Data Taken
Knob
Errors ALl 14,17 3.96 1.67 1.46 5.31
1/2 64 39 26 22 151 36 38 22 29 125
Front 3/ 28 6 10 17 61 18 14 12 8 52
Knob 1 11 A 5 8 28 b 4 10 3 21
Errors 11/4 | 0 2 0 0 2 3 0 2 1 6
AN 103 51 41 L7 242 61 56 46 41 204
Percent 1/2 53’33 32050 21]67 18.33 Bl-hé 30.00 31.67 18.33 2£|»ol7 26;014-
Front 3/h 23.33  5.00 8,33 14,17 12.71 | 15,00 11.67 10,00 6.67 10.83
Knob 1 9.17  3.33 417 6.67  5.83 | 3.33 3.33 8,33 2.50 4.37
Errors 11/4 0 1.67 0 0 42 2.50 0O 1.67 .83 1,25
172 |3u2 W6712 .6239 6388 L6670 | L7558 L6706 L6582 L6618 L6866
3/4 L7039 L6222 5737 L5800  L,6200 L6860 6243 L6lL8  .5938 .6297
Average 1 JOLTE L5858 L5501 L5511 L5836 6632 L6336 L5882 .5980 ,6208
g?ach 1/14 | 6398 5740 L5550 L550h  J5798 | L6757 L6100 45915 .5889 L6175
ime
A1l J681L L6133 J5T5T L5801 L6126 6952 L6356 L6132 L6106 .{:386
1/2 1.498  1.445 1.352 1.296 1,398 |1.693 1.465 1.472 1.424 1,514
3/h 1.443 1.206 1,198 1.287 1.283 1417 1.403 1.388 1,300 1.377
A"era’o’j 1l 1.363  1.147 1.230 1,258 1,249 1.346 1.372 1,371 1.327 1.354
gyrnin 11/ {1,242 1.2210 1,199 1.208 1.218 1,328 1,382 1.398 1.281 1.347
1me
A1l 1.387 1,255 1,245 1.262 1,287 1.446 1.4505 1.407 1,333 1.398
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TABLE XIX

NUMBER AND PERCENT ERRORS AND AVERAGED TIME SCORES FOR EXPERIMENT IV

Diameter Difference Back XKnob Thickness
Between

Measure Back and Middle Knobs 1/4 1/2 3/4 All

1/2 - 40 25 30 95

3/4 39 25 12 76

1 21 19 11 51

Errors 11/4 13 3 6 22

11/2 L 7 1 12

1 3/4 11 7 3 21

A1l 128 86 63 277

1/2 33.33 20.83 25,00 26.39
3/L 32,50 20.83 10.00 21,11

1 17.50 15,83 9,17 14,17

Percent 11/4 10.83 2.50 5.0 . 6.11
Errors 11/2 3.33 5.83 .83 3.33
1 3/4 9.17 5,83 2,50 5,83
A1l 17.78 11,94 8,75 12,82
1/2 L7524 .6933 .7230 .7229
3/h L6776 6669 6581 6675
Average 1 6667 . 6L94 .6326 61,96
Reach 11/L - 6400 .6289 .6108 L6266
Time 11/2 .6339 L6014 .6335 .6229
1 3/4 ,6230 NINN .5981 6218
A1 L6656 JOLTL L6427 L6519
1/2 1.560 C1.417 1.575 1.517
3/h 1.435 1.322 1.355 1.371
Average 1 1.325 1.378 1.320 1.341
Turning 11/4 1.298 1.352 1.272 1.307
Time 11/2 1.326 1.272 1.329 1.309
13/4 1,259 1.349 1.268 1.292
ALl 1.367 1.348 1.353 1.356

WADC TR 55-355 LO



TABLE XX

NUMBER AND PERCENT ERRORS AND AVERAGED TIME SCORES FCR EXPERIMENT V

Diameter Difference
Between Middle and

Thickness of A1l Three Knobs

Measure Front and Back Knobs 1/2 3/4 All
1/2 49 2 51
1 30 12 L2
Back
Knob 11/2 19 3 22
Errors
A1l 98 17 115
1/2 40,83 1.67 21,25
Percent 1 25,00 10.00 17.50
Back
Knob 11/2 15.83 2.50 9.17
Errors
A1 27.22 4,72 15.97
1/2 68 53 121
Front 1 30 19 L9
Knob
Errors 11/2 1 10 24
A1l 112 82 194
1/2 56,67 44,17 50.42
Percent 1 25.00 15.83 20,42
Front
Knob 11/2 11.67 8.33 10,00
Errors
411 31,11 22,78 26,95
1/2 1.365 1,165 1.265
Average 1 1.199 1.045 1,122
Reach
Tif;Z 11/2 1.160 1.000 1.080
A1l 1241 1.070 1.156
1/2 2.601 2.221 2.411
Average 1 2,196 2.256 2.226
%;;Eing 11/2 2,121 2.108 2.114
All 2,306 2.195 2.251
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