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ABSTRACT

Seven mele employees of tt Boeing Company were tested in the company's
humen vibration facility .o determine the effect of whole body vibra-
tion on visusl-motor performance. Six controls; a large and - small
knob; a horizontal and a vertical lever; and a horizontal and a verti-
cal thumbwheel were used to adjust a standard 3 inch dial indicator to
a prescribed setting., Independent variebles included variations in
vibretion frequency and severity, coutrol force requirements, aid task
conmplexity. Speed and accuracy of task accomplishment were recorded
for each condition.

A high work load condition, vibration independent of [requency =2
levcl, and control force requirements, individually affected the apeed
and accuracy of operate’ sdjustment. The type of control used did not
influence accuracy, and had only minor influence on adjustment time
with mounting position apparentlv producing the noted differences.
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INTRODUCTION

Definition of operator performence capability, as influenced by system
envircnmental conditions, is becoming increasingly important as modern
manned systems become more complex. To the system designer, the accuracy
and speed with which an operator can accomplish essigned visual-motor

and tracking tasks within the operational environment is probably the
largest contributing factor to the selection of a final display-control
configuration.

Low frequency vibration is an important part of many operational environ=
ments, and is perhaps the mest difficult to design out of the system.
Consequently, & critical need exisis for data concernlng vidration
effects on hwman sbility to perform percepiual and motor control activ-
ities, and design features which will enhance their accormplisument.

The progrem reported herein is the fifth in 8 series of Boeing conducted
research studies designed to expand the fund of data on the affects of
vibration on these various types of operator activity. Previously
reported experiments (Refs. 2, 3, 4, 5) have considered the establish-
ment of subjective levels of vibration and the effects or these levels
op hearing, speech and vision. Future studies will be concerned with
their effect on operator tracking and edditiona) vidbration effects on
relatively complex behavior.

m4s report is concerned with four vibretion performance relation-
«.iips:

1. Vibraticn effects on the accuracy of visualemetor task accomplish-
mant using various types and sizes of controls.

2. Vibration effects on the speed of visual-motor task accomplish-
ment using verious types sizes of cuntvols.

3. The effects of various control forces on vie performance ol
visualemotor tusks in a vibration environmer*.

4. Tue effects of increased work load on the speed and accuracy
of visual muior task accomplishment under vibration.

It is divided into three major sections. The first is concerned with
the genersl experimental conditions; the second descrives results of
the first three specified relationships and the third examines perfc..
mance differences as affected by increased overator work load.
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METHODOLOGY

- %

Experimental Subjects

The subJects of the study were seven male Boeing employees who had
rarticipated in previous phases of the vibration progrem and had
quualified for +his phase by passig an extensive physical examina-
} tion. Individual lcseriptions are included in Appendix A.

Vibration Apperatus and the Vibration Environment

i The Boeing Human Vibration Facility (Figure 1) provided the vil.saiiun
conditions required for these experiments. A detailed description of
the facility is contained in reference 1.

i _—

The subject's general test configuration for the study is shown in
Figure 2. A reiuforced standard aircraft seat was used to provide
vibration inputs to the subjects. To increase fidelity of vibration
transmiss‘on, plywood inserts coverad with 3/4 inch hard felt were
used in preference to the standard survivel kit, cushions and parachute
pack. Subject restraint was accomplished by means of a military type
lap belt. No shoulder harness was used.

A variety of controls and displays were provide for these experiments.
An illustration ~f what was aveilable to the subject may be seen in
Figure 3. An aircraft control column and wheel were mounted in the
proper control position (reference 6), and a throttle type control was
provided for use by the operator's left hand. An iustrument display
and contrul panel was mounted 28 inches in tront of the average subject
eye position, wvith the display center located 10° belov and perpendi-
cular *o the aversge line of sight. Included on the panel were:

L. Two toggle switches

2. A clock
3. PFive 5e-digit counter readouts
L. An airspoed indicator
9. A cathode ray tube
S. A heading indicator
7. A 360° manual task indicator
8. A large control kaob
9. A small control knob
10. A norlzontal control lever
1l. A vertical centrol lever
12. A horizontal thumbvheel
13. A vervieal thumdwheel

14, Jeweled indicetor lightd sdjecent tc most ccntrols and liaplays
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° 3ubject Preparation & Interviev Room

Experimental & Medical Nonitori
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D3-3512-5
page 3




NOILVYNDIANCD HOLIVIS 1SAL °2 IJu0id

—

é—&‘
(1 D
@ D

Y T~

N




Tdg TOd L1002y 1ds e ‘T EEneT
T3ANmMaNNKL Tvoituz. ¢,
TITIUMANOHL TIvLNOZINOH 2,

H3A3T vdiiM3an ‘b
43437 J(FZON.EOI.O-

BONX Ivms g
BONX 35yy g
HOLYZIONI MSYL TvnNww -
HYOLvoiawN:
ONINOYYL ¥3adgny w VI3IHM * |
HOLVYDIGNI ONINDwayy NWILI0D -
YOLVYDIONI 033dsyyy - ,

D3-3512-5
page 5

< w9

SHIAINNGD -
Moo -
$3I199%04 -

- N m

ﬁ
{




page 6

Control Column and Wheel

The control cclumn and wheel used for these tests were the standard
heavy eircrsft type and had been used in a previous program ¢ xperi-

ment (reference 3). The only modification made for this phas: was to
provide an additional cut-off switch on tiae back of the right nandgrip
similer to thet on the left, so that vibration would continue when either
hand was grasping the wheel. Fore and aft movement of the column was
used for compenssiory tracking of a projected horizontal line on the
cathode ray tube (CRT), and the wheel control was utilized for compen=-
satory tracking of the needle on a modified heading indicator located

tc the immediaste right of the CRT.

Vertical Tracking Indicater

The centrally located CRT was a five inch display tube with a hori-
zontal crosshalir etched on the face. When being used in the tests,

& projected horizontel line of light .05 inch wide was programmed

to move between top and bottom of the display at a rate which varied
sinusoidally. Display response to controi column movement was delayed
by & two second time constant to simulate "aircraft" response to
control esctlon. Control action requirements were patterned after a
terrain following type display with forward movement of the column
required to bring the projected light tcam up to the desired position,
and aft column movement required when the projected line was above

the position desired. An additionsl feature built into the respouse
system would drive the projacted line off the CRT if the subject
failed to maintain reasonable alignment control. Full T-1/4 incius
forward and full 9-1/2 inches afi column movement required 64 and 8Y4
pounds force respectively.

Lateral Tracking Indicator

To the right of the CRT display were two standar: 2 inch atrcraft hewl-
ing indicatcrs with all ldentifying markings except sraduation marks

and numbers removed from the faces. Both were nor.. ovlented indicators
vith heading numbers located every 30° and graduation marks each 2°.

The one on the left, nearest the CRT, served as the display for control
wheel or "rudder" movement with the servo regulated needle programmed

to move at a sinusoidally varying rate, 15° to righit ms. lett of the

360° position. Clockwise rotation of the control wheel or depression

of the right foot pedal when appropriate, produced clockwise rotatior

of the needle with no incorporation of control feedback delay. uwontr L
wheel force rangel essentially linearally from zero to ten pounds througi
left or right rotation of 65°, and foot pedal force could te gst at 0
pounds, 100 pounds or 130 pounds, as desired, for a maximum Corward
displacement of four in:ies with efther foot. Forvard movement of eofther
pedal produced an equal and opposite movement of the alternate pedal,

D3-3512-5
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Right Hend Manual Task Indicator and Controls

The heading indicator on the right of the panel served as the display
for controls located cn the right wing of the control-display panel.
The servo driven needle was displaced in each case 1/3 the distance of
the active control at the locatlion of applied force. Included in the
controls were a large and & smell knob, & horizontal and a vertical
lever and a horizontal and a vertical thumbwheel. Operating force
requirements &t the point of application could be setl at 2/3 pound,
1-1/3 pound or 2 pounds for eech.

[ il 9 . .

Knobs

The two krurled knobs were the vppermost controls of the series
and vere located side by side with the small knob on the right.
They were 5/8 inch thick with skirts added at the base; diameters
vere 3 inches and 3/8 inch. Clockwise rotation produced a similar
rmovement of the display.

Levers

The center controls were the levers, located side by side with the
vertically moving lever to the right. Diameters of the levers were
3/8 inch, heights were 1 inch end siirts were agala provided at the
base. Ri~ht and .pvard movement reapectively produced clockwise
rotation of the indice- . needle.

Thumbwheels

The final controls of the series were the thumbvheel3 located at

the l.wer right console position. They vere 1/4 inch wide and pro-
truded 1/4 inch above the panel surface whick subtended a 1-1/2 inch
chord on the ccntrol. Ccatrol edges were serrated. Righi movement
of the horizontal control end downward moveme:.t 5f the vertical
control were necessary .o move the pointer of the indicator in @
¢lockvise direction. The vertical control ves .ucated to the right.

left Hand Indicators and Controls

To the left of the CR. on the display panel were “ive '.ligit counter
readouts and an airspeed indicator. The airspeed indicator was con-
trolled by “throttle” movement with 3 inches control movement required
to produce 1 inch needle movement on the display. Forward thres:ile
adJustment increased indicated "airspeed”.
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The throttle consisted of a 5-1/2 inch lever on top of an aisle stand
located adjacent to the left hand side of the seat. In the rear posi-
tion the tip of the lever was 16 inches forward of the subject elbow
position and 24 inches from the floor. Force requirements could be
set at 1/2, 5, or 10 pounds.

At the upper portion of the central display panel were two toggle

switches located toward each edge, and a centrally located clock.

Jeweled indicator lights adjacent to these, and all panel displayc
and controls except the tracking indicators, served to inform the

subject of the action required in the testing segquence.

vibration Conditions

Vibration conditions used in this phase ol the study, as in the case
»f earlier program performance studics, were selected from four sub-
Jective reaction levels to vertical, sinuscidal vibration. These
levels: definitely perceptible; mildly annoying; extremely annoying;
and slarming, were established as the first phase of the program

(Ref. 2). 1In estsblishing curves for the levels, 16 discrete frequen-
cles ranging from 1 through 27 cycles per second (cps) were used.

Means of individual amplitude selections at each frequency used to
derive the curves were selected for use for additional testing, making
€4 vibration conditions available., However, only 40 were used in these
experiments. Magid and Coermann (Ref. 7) indicated decreased physical
tolerance for vibration in the 4 to 8 cps frequency range. With the
time required at each vibration condition for this study, it vas deemed
advisable in light of these findings to eliminate those frequencies
from tic test sequence at the extremely annoying and alarmigﬁ levels

to avola the possibility of sublect tissue damage. In a on,
because cof suspected similarities in performance cf the realitively
simple tasks at level 1 and with no vibraticn, Level 1 conditionus were
nnt used for testing except in that range vhere lavels 3 & L coldd not
be used.

Table I describes *he vidbration conditions of the experiment in terms
of double amplitude (DA) and acceleration (G). Staded portions of the
table identify conditions not tested.
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Vibration Fidelity

It had been evident that mechanical and hydraulic properties of the
equipment system were introducing distortion into the sine wave output
of the vibration table. An analysis of table input versus table ~utput
revealed that the distortion was due primarily to table friction.

This friction was greatest at the peak of the sine waves and thus result-
ed in a clipping of the wave form output of the table. This is illus-
trated in the drawing below.

A~

Wave Input Shape Displacement Wave Qutput Shape

This distortion of the wave form resulted in significant third and
£ifth harmenics being generated in the output. Since ine distortion
source vas essentislly constant, it exerted a proportionately greater
influenc> at lower amplitudes Lhan at higher amplitudee.

© Ltortion also varied as a function of freguency (cps). The relation-
ship with frequency is not a regular one since ~ther factors, l.e.
resonant frequency of the table ltself and occrrince of odd and even
harmonics, compliceted the frequency picture.

The resulting distortion was enalyzed with a describing function (see
Boeing document D3-4937, reference 8) and empirically veriried on the
table. T).. ‘nctional relation-uip betwear disturtion .c4 (E;) and

fundamental amplitude (subjective reactlon levels 1, 2, 3, and ) is

presented in Figure L. It can be seen that in the threce trequencies

chosen (2 cps, 12 cps, and 27 cps) the greatest propor.jounate irtor-
tion occurs at subjective reaction level 1.
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FIGURE 4. DISTORTION CURVES FOR SELECTZD FREQUENCIES (AT FOUR REACTION LEVELS)

ggggrirsntal Sequence and Procedures

Test procedures for this phase of the program were very much as they
had been throughout prosram testing. Two hours <ore scheduled for
each test session, with individual subject sessicns at least T2 howss
apurt. Subjects wcre flight coveralls, street shues and light gloves,
and vere fitted with ECG leads for medical monitoring Juring eanch test.

Prior to each session the subject was given a limited medical examina-
tion by the attending phycican and a briefing on “est jrocedures and
instructions by the experirenter (Appendix A). Afte: proceeding to

the test area, the subject was situated in the ‘est rTacility, ECG ieuds
vere connected to monlucring equlprert and :hosked, and , ced
were reviewed,

;"“ "V e O
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During initial sessions, practice runs were made until subjects had
become familiar with the experiment, the apparatus and the tasks
involved, If this was completed during the allotted 2 hour time
period, vibration testing started. Tf not, the subject was released
with practice continuing et the next session. Performance stabiliza-
tion served as the criterion for practice completion.

At the start of each day's testing, performence data with no vibra-
tion were gathered for use as controls egainst which vibration data
for that day could be compared. A test sequence lasted approximately
eight end one half minutes with three minutes allowed between tests.
Tasks for the tests were presented in random order according tn one

of eight pre-determined programs. An aversge of five test sequences
were completed each session. A medical doctor monitored all vibration
sessions.
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SPEED, ACCURACY & CONTROL FORCE EXPERIMENT

Data Collection Procedures

The right hand manual task controls located on the right wing of the
ccntrol-display panel were utilized in this portion of the program.
Adjustment error to the nearest .l degree and time requirements to

the nearest .l second were obtained for each control under the various
control forces (2/3, 1-1/3, & 2 1lbs.) and vibration conditions (Table 1).

Eight predetermined random programs were utilized to provide stimulus
inputs to the subjects. Upon illurination of an indicator light adiacent
to any of the controls, subjects, as previously instructed, utilized

that control to adjust the right heading indicator to the 350° position.
Deviations 10, 20 or 30° to either right or left of the command position
were utilized in random order, with three time and error measurements
taken for each control at each of the force and vibration conditions.
Seven seconds were available in which to make each setting.

Date Analysis

The conditions of the experiment involved variations in the type of
control being utilized, control force requirements, vibration severity
(subjective reaction levels), and vibretion frequency, sll of which
varied simultaneously in repeated observations of six subjects. Two
dependent variables (error & time scores) were sampled under each
condition.

Four dimensional analyses of variance (ANOV) were utilized in the
analysis prccedures. It will be recalled that certain frequencies
vere omitted from the experiment at the "extremely annoying" and
"alermiug" levels to avold the possibility of bedily harm to subjects.
Thus, .wo analyses of each type desired were required to cover the
whole renge of vibration conditions used., Analysis I of each type
involved 9 freq.encies (1, 10, 12, 14, 16, 18, 20, 23, & 27 cps) at

3 subjective reaction levels (2, 3, & 4). Analysl- {I, in each case,
vas concerned with 5 frequencies (3, 4, 5, 6, & Y cps) at 2 levels

(1 & 2). The vibration conditions used in each of the analyres are
shown respectively l. Tables II and III.

lnitially, analyses utilizing time and error scores obtained under the
median ccntrel force (1-1/3 lb.) were performed with subjective reast lon
levels (A), control wype (B), vibration fregquency () and subjests (I
making up the four dimensions. (3Sublects emerge as e dimension because
of repeated measurements on each of the other dimenzins.) Thue u

"Ix 6x9x6"anda"2x6x)xé" faetoriad vach for “ime and error
scores were required. Also, in order ‘o ferrex our differences in tle
reswlts due to vibresion from tnose dnnerent in tne contrils themselves,
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and those due to normsl day-to-day fluctuations, each of the analyses
were performed using scores obtained under vibration, and difference
scores between vibration and the no-vibration condition performances
for a gilven test sequence.

To determine the effects of control forces on the accuracy and speed

of the various assigned tasks, additional analyses with levels, required
control forces, frequencies, and subjects serving as the dimensions

were performed for each of the six comtrols. As before, two analyses
("3x3x9x6"end "2x 3 x5 x 6" factorials) were required to cover
the vidbration conditions used and both vibration and difference scores
were analyzed. Again, time and error scores served as the dependent
variables.

Results and Interpretation

Significance columns from each of the eight ANOV sumnary tables used

in the speed snd accurscy analyses are shown in Table IV. Since each
of the analyses is intended to clarify an individual portion of the

same problem, & composite approach to both data presentation and discus-
sion is utilized in this report, Individusl analysis summary tables are
included in Appendix B, Pages 40 = 43,

As may be seem from Teble 4, the only significant main effect in any

of the analyses, other than the variations in scores between subjects,
is that concerned with the differences in time required to adjust the
various controis under the vidration condition. Alsc, because of the
lack of a significant difference in the time to adjust the controls
vhen analyzed using difference scores, an adjustment time difference
under the noo-vidration condition is a logical conclusion. Plots of
the main effects of the analysis under doth the vidrating snd the non-
vidrating conditions are shown in Figure 5. This also contains the
most significant of the differences between subjects.

As is evi‘ent in the Figuve, the small knob is adjustsd most quickly
under vibration, vith the large knod and the horizontally mounted laver
and thumbwheel approximately :qual in second plac: and the vertically
mounted controls requiring the sost time. Also, as indicated by the
analyses, this pattern remains much the same under the no-vidbration
condition, vith & c2all increase in time produced on all controls except
one with the addition of vidration.

It should Le pointed out, that altiough the differences beiveen sdjust-
ment times utilising the various controls proved significant fa thi
analysis, the real differenves in terms of ad justment time mre 1n al.
csses less thar .3 second, or less thaa 10% of the total. With equal
error producti. between conti..s, it is felt that this Aifference ts
of minor significance fron & practical design standpoint, and shouldl
be given considaration only if and vhet other human factor coriiderna
tions have been optimized.
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INDICES OF SIGNIFICANCE ON SPEED AND ACCURACY ANALYSES

ERROR SCORES TIME SCORES
sc‘ggi':s sgég%s sc‘g}%z:s sg:)?;is
ANALYSIS 1 |lof|r|m 1|ln} 1o
A (LEVELS)
B (CONTROLS) .
C (FREQUENCIES) T
P (SUBJECTS) N wee | »
AB
AC .
AP . ses o
BC o
& BP s sen| o | e
Cp (11} (11} [ 11 [ 1] )
ABC
ABP .
ACP son | vee | una | sen soe | see
BCP
ABCP

ANALYSIS1 9 FREQUENCIES AT 3 LEVELS
ANALYSISU $ FREQUENCIES AT 2 LEVELS
°r .05

s p ¢ .01

[ 11 P ( , 001
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Also apparent from Figure 5, 1s evidence of the fact that subjects were
the major source of variation in the experiment. With the degrees of
freedom involved in the repeated design, little is to be galned by an
attempt to interpret the numerous higher order interactions of suhbjects
with the other variables, and no such attempt has been made.

Results of the control force analyses are shown in Tables V, VI, VII,
and VIII. Tebles V and VII respectively show the results of analyses
performed on error and time scores obtained under vibration; VI and

VIII show results of similar analyses performed on the differences
between scores obtained under the vibration and no-vibration conditions.
Individual ANOV summary sneets are included in Appendix B, pages 44 - 67.

As may be seen in Tebles V and VI, differences in error scores due to
verietions in control force are significant only for the horizontal lever
uader vibration, and for the large knob when using vibration-no-vibration
difference scores (significant main effects B). In addition, the differ-
ence scores for the large knob vary not only as a function of the comtrol
force reguired, but these differences vary significantly beiwveen subjects
(BP interaction). Plots of the mean scores obtained under the two condi-
tions using each coutrol are shown in Figure 6.

Again, although there are two items of significance present, Figure 6
clearly shows that no control or control force is merkedly different in
itz effect on control error than its counterparts, with only a slight
overall decrease in error under the vibration conditioa when utilizing
the median control foree (1-1/3 1b). There is however, a consistent
increase in error production in all cases vhen encountering vibration.
Further, the significance tables indicate that these composite effects
are generally independent of the frequency o level of vibration pre-
sent in this experiment although apparently random differential effects
occur tatween sudjects.

Utilizing the median contrcl force viers errors are minimal, vidbration
produced an average error incresse of 25% ovex #'l controls. In the
experimuntal task employed to obtain these data, this difference means
an error inarease of slightly over .1 degree. Fr~. & 4design standpoint,
the eritiocal accuracies of the various tasks to be performed in a vidrat.
i1g environment would uec? to be considered prior to a decieion on the
prectical significence of such a difference. It is entirely feasidle
that situations could exist vhere a 25% error increase even in terms
of .1 degree, could mean the difference detveen mission success or fail-
ure, and of courss, situstions also could occur vhere it would make no
difference vhatsoever. These are 2donditions vhich must be considers*
by the design engloeer specific to & particular design situation.




TABLE V D3-3512-5

INDICES OF SIGNIFICANCE ON CONTROL FORCE ANALYSIS Page 2
VIBRATION ERROR SCORES

HORIZ. LEVER

VERT. LEVER

HORIZ. THUMBWHEE L
i VERT. THUMPWHEEL

LARGE KNOB

SMALL KNOB

HORIZ. LEVER

VERT. LEVER

HORIZ, THUMBWHEEL

VERT. THUMBWHEEL

LARGE KNOB

A (LEVELS)

B (FORCES)

C(FREQUENCIES)

P (SUBJECTS)

AB

AC

AP

BC

BP

CP

9 FREQUENCIES, 3 LEVELS 5 FREQUENCIES, 2 LEVELS
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INDICES OF SIGNIFICANCE ON CONTROL FORCE ANALYSIS
ERROR DIFFERENCE SCORES

HORIZ, LEVER

VERT. LEVER

HORIZ. THUMBWHEEL
VERT. THUMBWHEEL
LARGE KNOB

SMALL KNOB

HORIZ. LEVER
VERT. LEVER

HORIZ, THUMBWHEEL
VERT. THUMBWHEEL

SMALL KNOB

A (LEVELS)

B (FORCES)

C (FREQUENCIES)

P (SUBJECTS)

AB

AC

AP

BC

BP

cp

9 FREQUENCIES, 3 LEVCLS S FREQUENCIES, 2 LEVELS

*p (.05
f“p ¢.0!
.“p (lml
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TABLE VII

INDICES OF SIGNIFICANCE ON CONTROL FORCE ANALYSIS
VIBRATION TIME SCORES

LARGE KNOB

SMALL KNOB

HORIZ. LEVER

VERT. LEVER

HORIZ. THUMBWHEEL
VERT. THUMBWHEEL
LARGE KNOB

SMALL KNOB

HORIZ. LEVER

VERT. LEVER

HORIZ. THUMBWHEEL
VERT. THUMBWHEEL

A (LEVELS)

B (FORCES)

C (FREQUENCIES)

P (SUBJECTS)

AB

AC

AP

BC

BP

cp

]
9 FREQUENCIES, 3 LEVELS® § FREQUENCIES, 2 LEVELS "’

*p ¢ .03 A
.Op ( .01 * L f'
'l.p ( '001 o
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| TABLE VIII page 23

INDICES OF SIGNIFICANCE ON CONTROL FORCE ANALYSIS
l TIME DIFFERENCE SCORES
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Tables VII and VIII show that the times necessary to adjust all con-
trols vary as a function of the control force required, and that, in
the case of the small knob and vertical thumbwheel, the differences

in time between the vibration and no-vibration conditions also vary.

Times required for adjustment of each control with each of the required
control forces under the vibration and no-vibration conditions are
shown in Figure T,

Several things are evident from an inspection of the figure. Initi-
ally it can be seen that little difference exists between adjustment
times of the two knobs, while the lever and thumbwheel mounted in tie
plane of vibration take considerably longer to adjust than their
counterparts mounted perpendicular to the vibration. Secondly, as
would be predicted and as was noted in the previous analysis, adjust-
ment time in nearly every case increases with the addition of vibra-
tion to the eaviromment. And finally, adjustment times for each
control are nearly equal between the first two required control force
values (2/3 & 1-1/3 1bs.) vith a notable increase produced by the
third. Thus, from a design standpoint, adjustment time can be expected
to increase if vibration is to be encountered in the operstional environ-
ment; controls should be mounted perpendicular to the expected plane of
vibration; and less than 2 pounds control force at the point of applica-
tion should be used if controls similar to those employed in this
eXperiment are to be used.
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INCREASED WORK LOAD EXPERIMENT

Data Collection Procedures

All controls and displays available to the subjects excevt the rudder
pedals were utilized in this portion of the program. The right hand
manual task controls again served as the controls from which the
deperdent variables (error and time) were recorded for analysis pur-
poses. However, only the 1-1/3 pound control force requirement was
used, with 4 readings of error and time on each control utilized for
each test run.

In addition to the knob, lever, and thumbwheel settings, subjects were
required to accomplish & number of increased work lced taske coreistins
of the following items:
A. Continuous compensatory tracking of "piteh" and "heading"
utilizing the wheel and couiumn to center the heading indicator
and the projected line on the panel CRT.

Verbal reports of 4 readings cach of the five five-digit
counters.

Four adjustments of "airapeed" utilizing the "throttle".
Three actuations each of the two tuggle switches.

Four verbal reports of the clock lndication to the nearest
mioute,

Although subjects were not notified of the fac:, these additional tas«s
served only to increase operator work load, and data were not recorded.

As in thue previcus experiment, eight predetermined random programs were
utilized %o provide the stimmlus inputs for the discrete tasks ic the
subjects. Iliumination of an indicator light udlacent to the display or
cortrol cued the gsubject to the appropriate task, with time limitations
the sane as before.

Vibration conditions for this portion of the program were sslected to
reprecentatively sarple those used i the speed, wRcuracy, and contrul
foree experiment, and are ghow: in Table IX. With the 1 .k of n consie-
vent differerce ir results due L0 trequuncy iu the previous experiment,
delevion of approximately cie-halfl the vibration corditions to achieve a
conparable reductiol. i test tlime seemed appropriute.

Da'a Aralysie

freor and tire scures ohtained unler the increased work loud situatic.
verse: o he eonpared vilh slmilur scores obttained durlng the previous tesis.
L, tupented poazurenarntt for ull sublectt were ohtatned for each cantrol
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under conditions which varied simultaneously between opera‘or work load,
vibration frequency, and vibraticn severity. These data were again cast
into four dimensioral ANOV's for each control. Vibration scores and the
difference between vibration and no vibration scores for both control
accuracy and adjustment time served as the respective dependent variables.

Results and Interpretation

As in previous sections of the report, results of this experiment are
treated and discussed as a unit. Significance columns frox each of the
analyses performed are shown in Tables X and XI. Table X shows results
of tests on adjustment error. Table XI shows results of similar tests on
ad justment times.

From Table X, the effect of different work loads on the accuracy of trc
operator are seen to be hiybly sipgnificant for all controls, (mein oifevi B)
and this is the only consistent eftect present. However, these effects do
vary on the knobs and horizortal thumbwheel as & function of the subject
involved. Also, as a conclusion from the lack of significance values when
utilizing difference scores, the differences are seen to exist in both

the vibration and no vibration conditions. Figure 8 illustrates thesge
relationships for each of the controls.

Table XI shows a similar variance in adjustment time between the two work
load situetions, both in the vibration and no vidbration conditions. Alse
present, however, is a consistent difference in time requirements between
subjects, as was the case in the previous experiment. Plots of mean
adjustment times for each of the contrels and work situations are shown
in Flgure 9.

Immediately appulent from inspection of the Flgures is the degrading effect
a work overload has on operutcr performance. Adjustment error is approxi-
mately tripled, and the time required for adjustment is approximately
doubled between the two conditions of this experizent. Alse evident is the
fact tha the effect is independent of the vibration conditions, on both
variables.

A composite look at the results of this portion of the vidbration progs
irdicates that operator work load is singularly the most izportant item to
vhich consideration should be given in the design ¢ manned systems.
Although under moderate work load corditions, the vibration and control
force situations considered in tle program are seen tu afrect operator
perforzance to some uegree, these effects are completely overbvalanced by
the degradation produced in a high work load condi:ion. ihus, it appears
that the operator, although a good environment and conirol desipn facili-
tate his performance, can within the limits of these experiments, adjuat
to less than optimum control conditions {f alternate demards Jo i ¢
compromise his atiention to the assigned task.
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TABLE X page 39
INDICES OF SIGNIFICANCE ON INCREASED WORK LOAD ANALYSIS
ERROR SCORES .|
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INDICES OF SIGNIFICANCE ON INCREASED WORK LOAD ANALYSIS
TIME SCORES

HORIZ. LEVER

VERT. LEVER

HORIZ. THUMBWHEEL
VERT. THUMBWHEEL
LARGE KNOB

SMALL KNOB

HORIZ. LEVER

VERT. LEVER

HORIZ. THUMBWHEEL
VERT. THUMBWHEEL

LARGE KNOB
SMALL KNOB

A (LEVELS)

B (WORK LOAD)

C (FREQUENCIES)

P (SUBJECTS)

AB

AC

AP

BC

BP

cp

ABC

VIBRATION SCORES DIFFERENCE SCORES

*p ¢ .08
¢ep ¢ .01
.O.P ( . 001
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SUMMARY ANID CO:ICLUSICIIS

Seven subjects participated in two experiments to determine the effects
of vibracion, cuntrol force, and work loed on the speed and accuracy of
visual-motor performance utilizing variovs types and sizes of controls.
Several conclusions can be drawn frcm =he results of these experiments.

1. Comparisons between controls used in the experiments show nco signi-
ficent differences in the accuracy of acccmplishing the assigned
task.

The times required to accomplish the assigned task vary significently
between controls, with the controls which moved vertically requiring
the most time.

In a moderate work load condition, the addition of vibration to the
operational environment produces increases in both adjustment error
and time at all of the intensities and freguencies of vibration
encountered in this study. However, the vibration environment
decreases in relative significance as tiie operator work level ap-
proaches an overload condition.

Control forces of 2 pounds produce sligh' increases in errcr and
significant increases in adjustment time over those produced by the
lower coatrol forces.

High work losd conditions nearly double the time end triple the
error of adjustments made by the operator with the contrnls used in
these experirmnts.

Althoughh the data generated in these experiments provide some insiaht
into the effects of vibration on the accomplishment of visuale-motor
tasks, they are, as expected, quite limited in scope. Similer investi-
gotions ure needed on other tasks typical of Jobs commonly performed

in a vidration environment such as tracking, anu more detalled research
with tighter control is required to completely cover the sreas reported
in this study. Based on shesc data, additional af)urt in the vigual-
rotor area should first be lirected toward 3 better inderstanding of
the manner in viileh vibration interucts with varying deg-ees ol operstor
work load. We have seen that with a moderste work load, vidbration has
a seriouz effect oa verflormance, and that with a very high work assign-
ment, vil -ation makeaz liwtle lifference, Xnuowvledsre ol wwat happens
betwees whese coniitions, and vhare withisn the ramge it neppens, would
dreasly enharce owr underatandlog of nuaan copablilitinas in a vibraticn
environment .
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APPENDIX A
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Subject Descriptions end Iostructions
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Subject Descriptions

1. 41 T2 225
2. 4o T2 140
3. 34 £" 190
4, 4 (o] 160
5. L o7 175
6. L3 (Y4 170

7. 45 67 160
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SFEED, ACCURACY, AND CONTROL FORCE EXPERIMENT INSTRUCTIONS

This experiment is designed to study vibration effects on linear
and rotary control adjustments. The test requirements are o set
the pointer on the right panel indicator by adjusting a knob, lever,
or thumbwheel control located on the right wing of the display-panel.

Use natural hand and arm movements to regulate the controls for an
indicator setting of 350°. Rightward, clockwise or upward movement
of all controls but one will move the needle clockwise. The verti-
cally oriented thumbwheel reverses the order, a downward movement
causes clockwise pointer movement. An amber ceution light locatea
by each will identify the controi to be adjusted. The sequence of
presentations will be random. Time and accuracy for each task will
be recorded, with settings to be scored to 0.1° and 0.1 second.

Since vibration is expected to affect capability to pertorm some

of these tasks and to have no effect on others, it is very important
that any performance change be related to vibration only. For this
reason, you are asked %o avoid discussing details of tasks, proce-
dures, and related details for any of the remsining tests with anyone
but the experimenter. This is particularly important since even
slight changes in your method of operation can be reflected in data
changes. Since these would not be related to task or vibration
changes and cannot be readily determined, the cause of change could
become extremely difficult to analyze, at best.
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INCREASED WORK LOAD EXPERIMENT INSTRUCTIONS

This test is designed to study etfects of vibration on performance
in a cumplex task. The additional tasks required involve readout

of counters; time readout; operation of a throttle-type lever to
control a disl pointer; depressing toggle switches, keeping a moving
CRT displayed line aligned wich a fixed line by control column fore
and aft movement and keeping & moving pointer aligned with a fixed
scale mark by control wheel rotary movement.

The procedures for operation will be the same as in prior tests.
Verbal readouts are required for couiter presentations and time
indicated on the clock in response to the appropriate caution light.
Toggles, knobs, levers and thumbwheels will be operated in respunse
to caution light signals, and moving CRT and pointer alignment will
be required as a continuous operation. The 2ontrol display reedback
for the vertically moving display and column arrangement is delayed.
The moving pointer respcnse to control wheel rotation will not
feature any delay.

Release of both hands from the control wheel will immediately stop
vibration and thlis is your prerogative if you feel the vibration
levels unacceptable.

Are there any questions?
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APPENDIX B
INDIVIDUAL ANALYSIS OF VARIANCE SUMMARY TABLES
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TABLE XI1 SPEED AND ACCURACY

ANALYSES,VIBRATION ERROR SCORES

Source of
Varia’oilitx

A (levels)

B (contrsols)

C (rrequencies)
P (sub ects)

10
16
10
Lo
25
Lo
80
50
80
200

400
ANALYSIS I

Source of Sum Mean

Varisbility Squares Squares For F'
A {levels) 035
B (controls) 453
¢ (frequencies) .338
F (subjects) 2.037
AB .128
AC Rl o]
AP +333
BC .885
BP 997
cP 5.501
ABC K9
ABP 1.618
ACP 5.122
BCP 4,37

ABCP Jiee?

035 <1
090 90.00
084 2,049
407

222

.Qn' {.

Jub

L%

275

€5

|256

SIS}

g T

(d
:833’383’\3\11 WO W l?‘.,

-
-

ANALYSIS II
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TABLE XIIl SPEED AND ACCURACY
ANALYSES,ERROR DIFFERENCE SCORES

p— e

Source of Sum Mean
Variability uares af Squares ForF
A (levels) .825 2 412 1.648

! B icmtrols) 1.510 5 .302 2.221
C (frequencies) 2.624 8 .328 <1
P (subjects) 7.200 5 1.4u40 b 286w

' AB +555 10 .056 <1l
AC 5.453 16 340 1.156
AP 2.037 10 .20k <1
BC 2.185 40 .055 <1l

l BP 3.589 25 bk 2,286%#
cp 13.442 4o .33 5.333%*
ABC 5.597 80 070 1.1l

l ABP 3.998 50 .080 1.270
ACP 23.519 80 294 4 607
BCP 12.610 200 063 1.000

ANALYSIS [

. Source of Sum Mean
Variability Squares af Squares For F'

' A (levels) .256 1 .256 1.032
B (cont.rcls) .T91 5 .158 2.026
¢ (frequencies) 296 b oy <1l

| P (subjects) 4137 5 827 3.335
AB 260 5 L3 <]
AC .788 4 197 <1

' AP 1.239 5 L2 U, 203w
BC 1.11 0 Nyl <1l
BP 2.468 25 099 1.3%6
CP 4.011 -l 241 <l
ABC 1.018 20 .2l 1.542
ABP 1.8% 25 073 1.237
ACP 5.56b 2 278 v T1oww
BCP 5.L72 100 055 <1
ABCP -5.923 190 \059

ANALYSIS T
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TABLE XIV SPEED AND ACCURACY
' ANALYSES,VIBRATION TIME SCORES

Source ¢ ¢ Sum Mean
Varisbility Squares af Squares For F'
A (levels) L.719 2 2.360 3.367
B (contrals) 12,136 5 2.427 3.492%
¢ (frequencies) 5.727 8 .T16 1.095
P (subJects) 87.827 5 17.565 26.858%%*
IB 1.7A3 10 176 <1
AC 12.587 16 187 1.019
AP 6.858 10 686 <1
BC 9.745 Lo 240 1.099
BP 16.832 25 673 3.030%
CP 26.148 Lo 654 3042w
ABC 22.522 80 .282 1l.312
ABP 8.402 50 168 <1
ACP 61.789 8o 772 3.591 %0
BCP Li, k81 200 . 222 1.033
ABCP 86.158 Loo 215

ANALYSISI
Source of Sux Mean
Varisbility Squares ar Squares For F'
A (levels) 006 1 006 <l
B (contrals) 3.533 S LT07 l.234
¢ {frequencies) 3.664 L ‘916 <l
P (suLjects) 34479 5 6.896 5.575%
AB 1.595 5 +319 l.271
AC ' L 1,249 1.974
AP 6.183 5 1.237 T.069%w
RC k.986 20 249 <l
BP 12.636 25 503 2.0L0
cp 22.713 20 1,139 1.957
ABC 5.189 2 259 L4680
ABP 6.272 25 .251 1,430
ACP 11,647 20 382 3.320new
BCP 21.301 160 213 l.217
ABCP 17.463 100 JA75

ANALYSIS IT
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| TABLE XV SPEED AND ACCURACY
ANALYSES,TIME DIFFERENCE SCORES
Saurce of Sun Mean
Variability Squares af Squares Foer F'
A {levels) 897 2 .48 <1
B (controls) L. 649 5 .930 1.553
C {frequencies) 1.802 8 .225 <1l
P (subjects) 3.511 5 .T02 1.162
AB 2.486 10 .249 <1
AC 9.008 16 .563 1.609
AP 5.241 10 .52k 1.497
BC 10.387 4o .260 <1
BP 15.852 25 .63k 2.1Unw
CcP 24,147 4o 604 1.961%%
ABC 27.961 80 .350 1.136
ABP 10.496 50 210 <1
AC 28,008 80 .350 1.136
BCP 58,947 200 295 <1
ABCP 123.016 koo .308
ANALYSIS I
Source of Sun Mean
Varisbility Squares as Squares For F'
A (levels) 073 b 073 <]
B (controls) 1.28 5 .256 <l
c sﬂ'equencies) 512 4 .128 <1
P (s tjects) 1.094 5 219 <1
1.730 5 346 1.189
AC 5.557 4 1.389 6,910
AP 5.888 p) 1.1¢0 3,764
BC 7.913 20 394 1.138
BP 11.549 25 b2 1.983
Cr 9.635 20 LT2 2.3u8»
ABC 6.413 20 Ja 1.026
ABP 7.282 25 291 <]
ACP 4,027 8] Ol <l
BCP 33.350 100 33“ 1.067
ABCP 31.256 120 313

ANALYSIS I
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TABLE XVi CONTROL FORCE ANALYSES

VIBRATION ERROR SCORES,LARGE KNOB

Source of Sum Mean
Variebility Squares af Squares For F'
A (levels) .58 2 .379 <1
B (forces) .070 2 .035 <1
C (frequencies) 2.169 8 2T <1l
P (subjects) 1.630 5 .326 <1
AB 073 4 .018 <1l
AC 6.279 16 .392 1.815+
AP 2.169 10 217 1.00
BC 439 16 .027 <1
BP .56 10 056 1.556
CP 15.493 Lo .387 9. 923w
) ABC 1.591 32 050 1.282
; ABP .838 20 .ob2 1.077
1 ACP 16.849 80 .216 5,530
: BCP 2.907 80 .036 <1
ABCP 6.265 1& .039
| ANALYSIS I
Source of Sun Mean
) Variability Squeres ar uares For F'
. A (levels) 057 1l 057 2.280
B (forces) 066 2 .033 2.538
: ¢ (frequencies) 262 b 065 <l
| P (sudlects) 265 5 053 2.120
) AB 15 2 008 <l
AC L2 4 105 <l
l AP 123 5 RIS 1.087
B 120 8 W01 <l
BP 228 10 023 1.278
' cP 2.916 o) LY. <1l
[} ABC -23“ 8 008 1!2&
ABP 185 10 .018 <l
ACP 3.285 -4} ‘164 (130w
BCP 1.120 b0 .028 1.217
ABCP .920 L 223

ANALYSIS I




TABLE XVII CONTROL FORCE ANALYSES
VIBRATION ERROR SCORES, SMALL KNOB

Source of Sum
Variabilit

A (levels)

B (forces) .235
C (frequencies) 3.852
P (subjects) 2.316
AB 036
AC 6.028
AP 2.76C
BC 1.225
BP 453
cP 13.128
ABC 1.7
ARP 1.165
ACP 20.730
BCP 4,144
RBCP 8.836

Swurce of Sun
Variabilivy Squares
A (levels) AT
B (forces) R
C !frequencies) 196
P (sul ects) 94
AB &8
Ac .m

ANALYSIS I

ANALYSIS I

Mean

D3-3512-5
page U5

482
463
L9

. 276

L5
058
259
052
1055

1.b12
<1

1.456
1.066
1.481

3. 96Uwwe
<1
1.055

5 TG
<l

Fer F'




TABLE XVII1 CONTROL FORCE ANALYSES
VIBRATION ERROR SCORES, HORIZONTAL LEVER

Source of

Variability

F (Subjects)

AC

Source of
Varisbility

A (Lavels)
B (Forees)
2 {Mrequencies)

» (3udjects)

Sum
Squares

.L8g
<553
1.090
8
.18
L.520
2.021
A78

485
14,627
.8%
.887
12.92

2.96h
6.139

EEB85 085 aunrmnunen~ I8

A
o‘gwgdwv—-wﬂr—a
FIERR

AFCACEACEAAAD
B

0~
i -
i

\Y ]

.

A
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TABLE XIX CONTROL FORCE ANALYSES

VIBRATION ERROR SCORES, VERTICAL LEVER

Source of

Varisbility

A (Levels)

B (Forces)

C (Frequencies)
P (Subjecta)

AB
AC
AP
BC
BP
cp
ABC
ABP
ACP
BCP
ABCP

Variability

: ?omng
¢ ih‘qmuu)
P (Bubjects)

ah

AAAA:
gcrr‘w

N
%
1

EEB5 0B85 ouwennen~ IR

I5ERSTREEE
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TABLE XX CONTROIL FORCE ANALYSES

VIBRATION ERROR SCORES,HORIZONTAL THUMBWHEEL

Source of

Variability

Frequencies)
P (Subjects)

PR BN EE RS R cvmonn I3

An
AC
AP
BC
BP
cp
ABC
ABP
ACP
BCP
ARCP

ANALYSIS I

Source of Eun
Varisbility Scuares

Levels)
Forces)
Frequencies)
P (Suyjects)

aow >

EESEEORRIE
55830:85@“?«)“ &N - |g

b -




TABLE XXI CONTROL FORCE ANALYSES
VIBRATION ERROR SCORES,VERTICAL THUMBWHEEL

Source of
Varisbility

A élevels)

B (forces)

c érrequenciea)
P (subjects)

EEEEEREEEE

Source of
Variability

C (frequencies)
sub jects)

160
ANALYSIS I

8585988@»\»&'»\«&'»? ’ﬁ

ANALYSIS IT

.

588

ArAAAr &

Hé;\:éwﬁwww

Aor

e
1
b

g ""g88R

1

Aw \AAANAAAR - &
R ol o
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TABLE XXII CONTROL FORCE ANALYSES

ZRROR DIFFERENCE SCORES, LARGE XNOB

Source of

Varisbility

A (levels)

B (forces)

€ (frequencies)
P (subjects)

13.749
3.8
8.730 160

ANALYSIS I

Source of Sun
Variebility Squares

Ius
.605
399
+925
126
lm
llm
170
1.233
1.823
V702
2
3.478
l.22
2.326

ERnEESREESE

ANALYSIS I
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TABLE XXIII CONTROL FORCE ANALYSES
ERROR DIFFERENCE SCORES, SMALL KNOB

Source of

Variabilitx

A (levels)

B (forces)

¢ (frequencies)
P (subjects)
AB

AC

Source of

Variesbility

A (levels)

B (forces)

C (frequencies)
P (sudjects)

EEREERREREE
ERREE
5685 oBEaurnvenn [B

ANALYSIS I
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TABLE XXIV CONTROL FORCE ANALYSES

ERROR DIFFERENCE SCORES, HORIZONTAL LEVER

Source of Sum
Variability Squares

A (Levels) .05k .027
B(Forces) .572 .286
€ (Frequencies) .92h .

P (Subjects) 2,146 k29
AB .h29 107
AC 2.113 132
AP .8hg .085
BC 1.016 .06k
BP 1.579 .158
cp 6.938 .

ABC 1.74 054
ABP 2.090 .10k
ACP 10.104 ( 126
BCP 5.105 .0AL
ABCP 9.b42 160 .059

ANALYSIS I

Source of Sum Mean
Variability Squares Sauares

A (Levels) .001
B (Forces) 070
r (Pre~uencien) .093
P (Subjects) 1.889
+e¢09
.810
1.247
A7
1.h70
2.7%59
%3
.83
2.5“5
2.755

13

L0)
035
023
378
.10k
202
249
,088
BUY

8?‘
s ] DOW SR D

5585

ANALYSIS I
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TABLE XXV CONTROL FORCE ANALYSES
ERROR DIFFERENCE SCORES,VERTICAL LEVER

Source of Sum . Mean

Variabilitz Saouares __t_j Squares ForF'

A (Levels) .565 2 .282 1.709

B (Forces) L2 2 210 1.707

¢ (Frequencies) 2.007 8 .251 1.224

P (Subjects) 3.567 5 T3 3478

AB 038 b 010 <1

AC L.153 16 .260 1.135

AP 1.337 10 .13k <1

BC 1.773 H 1 1.542

BP .835 10 084 1,167

cp 8.184 ho ,205 3,015

ARC 1.561 32 .okg

ABP 1.5T1 20 079 1.162

ACP 18,345 80 .229 3. 368We

RCP 5,780 80 .072 1.059

ARCP 10.802 140 .068 {

ANALYSIS I {

Source of Sum Mean
Variahility Syuares ar Squares For F' .
A (Levels) 319 1 .39 3.097

B (Forces) 218 2 .109 <1

¢ (Freavencies) .LA8 L a7 2.395%

P (Subiccts) 615 5 a3 1.194

AB .29 2 124 2.Mm8

AC 199 b 050 <l

AY 517 5 .103 3,433

BC N26 8 01h <1

BP ok 10 0A9 1.558

ar 1.395 20 L0489 <)

ASC 132 8 L0A <1

ARP L8 10 i, v e

ACP 3.159 0 168 5,41 N

P 2.2% ho .05 1850

ARCP 1,235 Lo DN

ANALYSIS II
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TABLE XXVI CONTROL FORCE ANALYSES
ERROR DIFFERENCE SCORES,HORIZONTAL THUMBWHEEL

Source of

Variability

¢ (Frequencies)
. P (Subjects)

AC

BP
CP
ABC
ABP
ACP
BCP

ABCP

Source of

Variability

A
B
C
4

Levels)
Forces)
Frequencies)
Sut jects)

Sum Mean
Squares Squares

.588 204
216

16
10
16
10
ko
32
20
80

80
160
ANALYSIS I

558585 mmennrnr g

ANALYSIS II
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TABLE XXVII CONTROL FORCE ANALYSES

ERROR DIFFERENCE SCORES,VERTICAL THUMBWHEEL

4

Source of Sum Mean
Variability Squares ar uares F or F'
A (levels) .389 2 194 1.780
B (forces) .552 2 276 L.246
C (frequencies) 2.464 8 308 2.990%
P (subjects) 3.187 5 037 6. 184
AB .029 N 007 <}
AC 2.607 1% .169 <l
AP l-5;‘$ 10 155 <l
BC 792 16 .050 <]
BP .848 10 .085 1.2l
CcP 6.110 ko 103 1.288
ABC 1.481 32 0lé <1
ABP 1.176 20 .059 <]
ACP 17.188 80 215 2,687
BCP 5.903 8 070 <l
ABCP 12.844 160 .080
ANALYSIS I
Source of Sum Mean
Variability Squares ar uares ForPM
A (levels) .578 1 518 2.4
B (forces) 3% 2 165 2.k26
C (frequencies) 133 4 033 1.727
P (sublects) 947 5 189 <1
AB 0S8 e 029 <l
AC 187 'y Ob7 <)
AP 1.19C S 29 b hgree
BC 481 8 060 <l
BpP I3 10 OT8 2.047
cp 913 2 . <}
ABC 573 8 072 1.358
ABP +335 10 O3 -1
ACP N 271 20 21h 4.038%4e
BCP 1.696 4o Oh2 <)
ABCP 2.102 ko 053
ANALYSIS I
|
y
e Y. . .



-

-
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TABLE XXVIII CONTROL FORCE ANALYSES

VIBRATION TIME SCORES,LARGE KNOB

Source of

Veriebilit

A {levels)

B (forces)

C (frequencies)
T (subjects)

Source of
Variabilit

A (levels)
B (forcos)
¢ (freyueucies)
P (subjects)
AB

AC

AP

BC

BF

cP

ABC

ABP

ACP

BCP

ABCP

Sum Mean
Squares af Squares For F'
2.€76 2 1.338 13.653
10.18¢ 2 5.093 15,361 **
3.287 8 Al <)
78.115 5 15.623 30.879%#x
1.136 4 .28k <l
8.8726 16 .550 <1
1.910 10 .191 <l
2.315 16 .145 <]
2.040 10 .20k <1l
20.223 Lo .506 1,902+
16477 32 52 1.699+
3.2L4 o) 261 <l
51.448 80 643 2. L1
21.473 8o .268 1.008
L2.594 160 286
ANALYSIS I
Sun Mean
Squales ar Squares For F'
319 1 +319 <1
3.299 2 1.649 2.509
879 L o2 <l
39.253 -5 7.851 17.960%
1,098 2 549 T.52)%
2.109 4 S <l
2.185 5 JLb37 3.039¢
3.3 8 JA4l3 1.0t
1.706 10 176 2.b11
8.956 20 Ll <l
2.420 8 302 2.097
T 1C Q073 <1
11.547 0 ST b, g Tene
10.113 !‘0 l2$3 L0757~
5. 742 un Lahb
ANALYSIS II
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TABLE XXIX CONTROL FORCE ANALYSES

VIBRATION TIME SCORES, SMALL KNOB

Source of Mean
Variability af Squares For F’

A (levels) . 276 1.211
B (forces) . 4. 700 16.968%#
¢ (frequencies) .13¢ .57 1.200
P (subjects) . 9.280 21,531
a7 <l

AC 16 .508 <1l

10 -332 <1
BC . 16 a7 1.06k
BP . 10 264 1.294
CP Lo 431 2,280
ABC 32 291 1.5Lo*
ApP 20 .328 1.735%
ACP 80 6l2 3.230www
BCP 80 .204 1.079
ABCP 160 .189

ANALYSIS I

Source of

Variability

A (levels)
B (forces)
C (frequencies)
P (svhjects)
AB

AC

hP

BC

BP

cP

ABC

ABP

ACP

BCP

ABCP

[+ 3
e

EEVECE B E v ermuvene

ANALYSIS I
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VIBRATION TIME SCORES,HORIZONTAU LEVER

Source of Sum Mean
Variability Sauares Squares

A (Levels) 2.172 1.086
B (Forces) 3.478 1.839
C (Freocuencies) 6,7Th2 .
T (Subjects) 29.636
2.002
9.128
2.97C
3.873
1.533
16.151
6.450
2.970 °
36.495
156.533
31.3%

Source of Mean

Varisbility Squares

A (Levels) .35
Forces) .08
Fretuencies) .706
Sub ‘ects) 2.5
.m
JTub
337
113h
Ias
tem
RUY
178
426
Lo 2%
Lo 28

I8

I8BEEEYO”
o8 vnenuneme

55533

ANALYSIS I
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TABLE XXXI CONTROL FORCE ANALYSES

VIBRATION TIME SCORES, VERTICAL LEVER

g

Source of
Variability

n
(=4
»

A (Levels)

B (Forces)

¢ (Frequencies)
P (Subjects)

A3

AC
AP

B

BP

cp

ARC
ARP
ACP
BCP
ABCP 160

ANALYSISI

[
W ANON
g

B8S

w
W
W
&
;r\n @ N D '&

43
v n

4

a3~ D U
o w
VR

- &

-

0N n

~¥3
EFBWEG R

Source or

V|r!nb!\1t!

Y ~d =

38 |5
-

(¥ ]

\g)-'

P (Sudbjects)

so=Swwm,
RN 3

A e 'mr'

302589
3

. :‘g

ANALYSIS 1
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TABLE XXXII CONTROL FORCE ANALYSES
VIBRATION TIME SCORES, HORIZONTAL THUMBWHEEL

Source of
Varishility

A (Levels)
B (Forces)
¢ {Pre uenzies)
P (Subjects)
AB

AC

AP

3¢

BP

crP

ARZ

ARP

ANF

RCE

ABCER

ANALYSIS I

Source of Sum Mean
Yariability Sguares Siusres ForF

A {Leveln) +596 L5980 2.4
B (Forces) 20,740 10,370 25.170ne
¢ {Frejuencies) 2.457 684 1.309
P {Sud jeets) 18.L08 3.681 15,2110
322 16

'”7

007
1.810 2L
L.oT ]
h.128% .8

14,926 SN

2796 3%
1.570 A8
9.514 L8
7.611 A0
2139

e

ZREEEITRIES

<
-

ieﬁ
ANALYSIS 11
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TABLE XXXIII CONTROL FORCE ANALYSES

VIBRATION TIME SCORES,VERTICAL THUMBWHEEL

Source of Mean

Variability Squares F or F'

A (levels) 2.238 2.270
B (forces) 6.028 22.409%+
C (frequencies) L, 187wn
P (subjects)

AB

AC

AP

BC

BP

cp

ABC

ABP

ACP

BCP

ABCP

Source of
Variability

A (leveln)

A (forces)

C (frequencies)
P (sut, ects)
AB

I8

AC

4

253
-

L

22 &
§E85a8Bonrnuvmens-

C.~3CON &0 &~
- &

ANALYSIS Il




TABLE XXXIV CONTROL FORCE ANALYSES
TIME CIFFERENCE SCORES, LARGE KNOB

Source of

Veriability

A (levels)

B (forces)

¢ (frequencies)
P (subjects)

AC

Source of
Variability

A §levels)

B (forzes)

¢ (frequencies)
P (sutjects)

AC

L
16
1¢
16
10
']
32
0
8o
80

160

ANALYSIS I

2g
g

O 1O D G
258228
o ar =

338

[
WNP'ypruwwwww
[o- X -2 od
gw mi’:‘
W L WA

EE85 08 avrnvenr I8

.
P
WV
wn

ANALYSIB I

Mean
Squares

221
1.216
.550
1.804
.332
.336
428
.223
409
931
b8
+305
k59
.33
3¢l

o

-

qqmgwws

§% & § 8238

[
renoA A

ArAvrA
OO g O

-
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TABLE XXXV CONTROL FORCE ANALYSES

TIME DIFFERENCE S_ORES, SMALL KNOB

Source of

Variability

A (levels)

B (forces)

C (frequencies)
P (subjects)

AB
AC
AP
BC
BP
cp

ANALYSIS 1

Sunm
Variebility Squares

A (levels) 1.823
B (forces) 694
§mquenc1u) 2.997
sul jects) .829
783
1.700
6.180
3.981
2‘”“
6.177
I

L, 947
9.910
8‘6?2
13,348

Epve
bl
3
(o]

37

A "AAANDWAAA
[ =
58" T8

EEBCoBCcuwenunenr T

EE5EE9UES

ANALYSIS U1
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TABLE XXXVI CONTROL FORCE ANALYSES
TIME DIFFERENCE SCORES,; HORIZONTAL LEVER

Source of

Variabilitz

o
]
®
E

285

C (Frequencies)
P (Subjects)

NN =

ny
<

16
10
16
10
Lo
32
20
80
8o
160

\80.

AC

Vi EE WD
rgh""
}&4

-
e
O
]

cp

e 2]
o
—
n

ABC
ABP
ACP
BCP
ASCP

SN,
223

ANALYSIS I

«
B

Source of

Variabil u.x

s

SPrQqueneiu)
P (Subjects)

R R Y

-
e Y el N

8

*
W
2

E35ERSIRAE

ANALYSIS It
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TABLE XXXVII CONTROL FORCE ANALYSES
TIME DIFFERENCE SCORES, VERTICAL LEVER

Source of

Variability

A {Levels)

B (Forces)

C (Freguencies)
P (Subjects)

ANALYSIS 1

Source of

Varisbility

A (Levels)

B (Forces)

C (Preguercies)
P (Sudbjects)

. Fhon
22588 F
wews & Own 5
o
55350850\.0:'»\»!'!0!-‘ |&

SR353%8

TowhFOFTw
?\Jl%a\
Iy

...
3
O R

ANALYSIS I
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TABLE XXXVIII CONTROL FORCE ANALYSIS
TIME DIFFERENCE SCORES, HORIZONTAL THUMBWHEEL

Source of
Variabllity

A (Levels)
B (Forces)
C (Frequencies)
P (Subjects)
AB

AC

AP

BC

BP

cp

ABC

ABP

ACP

BCP

ABCP

Source of

Veriability

A Levoll;
B (Forces

¢ (Frequencies)
P (Subjects)

Sum Mean
Squares ar Squares

.051 .026
1.459 .T30
2.951 <369
5.155 1.031
1.276
9.576
3.974
3.655
10,787
3.595
19.854

2.7
31.004
33.032
52.289

ANALYSIS I

Sum
Sauares

62
1.250
569
5.358
1.247
2‘ 1
26
4,884
3.517
L, 685
3.264
2.53%
5.322
15.249
14,782

5583008 counsrnunern~ IB

ANALYSIS IT
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TABLE XXXIX CONTROL FORCE ANALYSES

TIME DIFFERENCE SCORES, VERTICAL THUMBWHEEL

Source of
Variability

§§

8%

frequencies)
P (subjects)

28885

EESREREE
833284
ArAwerrrA

.
Y1
-~ L

B
L]
. ~
: idatr i

b
T OVl o
2%
A+
-~
e
]

16
ANALYSIS I

BCP
ABCP 53.h72

E?

EE3EalBournuwen~ B
~
!E!

£88

C (frequencies)
P (m.bjects)

=AAAA

zely
A now

RE
D \B

o o

-

EEEEECREEEE
PDRLVMO AP DR R
RIEXE

-

ANALYSIB It
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TABLE XL WORK LOAD ANALYSES
ERROR SCORES, LARGE KNOB

Source of Sum Mean
Variability Squares Soares

{levels) 1.126
éconditions) £3.189
(

=3

.563
53.189
. hoh
.866
428
595
- ko6
445
1.279
.326
.689
4
- 367
.38
.585

frequencies) 1.617
sul jects) 3.L465
.856

L.757

3.246

1.781

5.116

5.211

5.515

3.287

11.746

$.373

18,708

VIBRATION SCORES

[
OORNF O & &FH

W W
N ovN

Source of Sunm Mean
Variabiligx Squares Squares

272
081
1.332
+509
.339
. 656

1t
886
1.600
.218
817
.32
36
b22
33

[+
Le )

A (levels) 545
B (conditions) 081
5.327
" ajects) 2.047
1.678

5.2u5

2,200

3.543

6.426

3.487

6.536

2.565

11.806

6.756

10,600

Q
‘©
3
0
-~
o
o
g

3

@m;&’?ma’f\, S &
@ =
§&

g

rARDAWRA -
N e

L5
§E5ERIEEEL570

Bo®

DIFFERENCE SCORES
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TABLE XLI WORK LOAD ANALYSES

ERRCR SCORES, SMALL KNOB

Source of Sum Mean

Variability Squares Squares For F'

A (levels) 1.042 521 2.499
B {conditions) 47.810 L7.810 L8, 2L yxx
¢ (frequencies) LTS5k .188 <l

P (subjects) 3.634 .908 2,447
A 792 .396 11.647
AC 1.791 224

AP 1.301 163

BC .962 .20

BP 4.055 1.014

CP 5.943 3N

ABC 3.882 .85

ABP 1.372 172

ACP 14.282 : RN S

BCP L.207 .263

ABCP 19.927 623

VIBRATION SCORES

[\WIE =g =g el (V]

& & w

Source of Sum Mean
Variability Syuares Squares

levels) 1.63 817
conditions) 450 450
frequencies) 667 142
sut jects) SISk .188
1.576 (88
2.856 272
95 30k
.782 196
3.173 92
5.494 343
3.188 .398
1.140 Jd42
8.516 2645
3 s a9 . 201
12.239 . 382

zgmow»

§E5EEIRES
BrWoohesroonerern |8

DIFFERENCE SCORES
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TABLE XLII WORK LOAD ANALYSES
ERROR SCORES, HORIZONTAL LEVER

Source of Sum Mean

Variability Squares Squares

A (levels) .327 164
B (conditions) 47.581 47,581
C {frequencies) T84 196
P (subjects) l.4k21 .355
AB 1.065 532
AcC k582 573
AP 2.217 652
BC 357 .089
BP 1.107 217
cP 6.705 419

L. 426 353
ABP 7.682 960
ACP 15.688 490
BCP 7.470 Ry
ABCP 18.113 567

VIBRATION SCORES

[
OO EFOXTND &

Bow

Source of Sum Mean
Varisbility Squares df Squares

A (levels) 33 168
B {conditious) «100 100
C (frequencies) 2.011 503
P {c.bjects) 3.493 873
672 +336

399 wé
2.876
2,437
670

9.140
3.884
5.580
9.519
T.37
10.10)

DIFFERENCE SCORES

[
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mgmmo«e—romm e
Arovr

FuhEEezBIsE

W
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TABLE XLIII WORK LOAD ANALYSES
ERROR SCORES, VERTICAL LEVER

Source of Sum

Variability Squares  df

A (levels) 551
B (conditions) 46.151
¢ (frequencies) 1,964
P (subjects) 5.125
731
3.778
2.934
2.466
k.955
8.338
4.959
1.986
11.870
T.362
14,534

VIBRATION SCORES

A
[

A A
£

N

n O

-
ODNAE FOON F &

&L

TTLELED,
gwwww&\wwsw

=
MO
~AAFrroHAP

[
n
-

Source of Sum Nean
Variability Squares For F'

A (levels)

B (conditions)
c §l‘requenciu)
P (s.bjocts)

[= 3
Lo 3

Q%0 <1l
3001-5 1‘938

o179 2.353

884

106

. 207

144

68
1.3¢e¢t

30

02?3

.258

SN

A2

R'Y44

%

E3R8%3E
TEED

DIFFERENCE SCORES
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TABLE XLIV WORK LOAD ANALYSES

ERROR SCORES, HORIZONTAL THUMBWHEEL

Source of Sum Mean

Variability Squares Squares For F'

A (levels) 1.716 .858 1.360
B (conditions) 59.80k 59.804 39.13Qkx
€ (frequencies) 437 .109 <l
P (subjects) b, 721 1.180

2.213 1.106
AC 3.566 JAk6

L.099 512

1.263 316

6.518 1.630

T.507 469

4.362 545

k,269 534

10.450 ~ 327

6.688 418

13.122 410

(7]
(o]

CERAEEDTON &5

VIBRATION SCORES

Source of Sum Mean
Varisbility Sgquares Souares For F'

A {levels) .250 125 <)
B (conditions) 007 007 <l
C (frequencies) <928 232 <1l
P s:bjects) 2.158 540
1.244 622
2.150 269 1.257
2.253 afa
1.506
2.233
5.097
1.173
2.239
6lw
5. 34k
8.782

o
e

.319
TS
1280
b
33

[
NDDBEAETEDON &N

tab

8o

DIFFEL..NCE SCORES
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TABLE XLV WORK LOAD ANALYSES
ERROR SCORES, VERTICAL THUMBWHEEL

‘ Source o1 Sum Mean
Varisbility Squares af Squares F or F'

, A (2 els) 1.08) 2 .5k0 3. bl

f B (c..ditions) 60.566 1 6C.566 4,3.169%+
¢ (frejuencies) .963 b .24l <l
P ’subjects) 4,063 n 1.016 1.773

‘ B 1.05C 2 .525 1.617

: AC 2.036 8 254 <1
AP 1.0066 8 .133 <1
LC 2.393- - 4 597 1.012

' BP 5.582 L 1.336 2.366
CP 9.161 16 573 <1
ABC 5.890 8 136 <

| ABP 632 8 .079 <l
ACP 24,129 32 JT54 <)
BCP - 9.bu2 16 +9590 <1l

. ABCP 25.364 3e «T93

VIBRATION SCORES
* ' Source of Suem Mean

Variatilivy Squeres  df Squares Eor ¥

| A {isvels) a7 F] €8 2,096
B {condl {ons) 1.577 1 1.571 €.089
¢ (frequencies) 1. by & 37 <)

| P {: blecs) 52 4 LY <1
AB Ne¥ed 2 Lk 1.198
Al LT 8 +J99 <1l

' AP 1 8 gk <:
. 1.782 4 L iet <1
pp 1.073 & D <l

l 4 7.68% 1t LN 1.1.€
ABC 2.333 8 292 <1
ABF 312 8 LK <
ACP 1..363 32 V2. <)

l BcP 1P B .us$ 1. &8
ABP 13.002 32 Jege

' DIFFERENCE SCORES
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TABLE XLVI WORK LOAD ANALYSES

TIME SCORES, LARGE KNOB

Source of Sum

Variebility Squares

A (levels) .193
B (conditions) 187.€27
C (frequencics) 1.598
P (subjects) 34.087
AB .096
AC 2.592
AP 1.20b
BC 1.236
BP 14.518
CP S.72
ABC 35062
ABP €62
ACP 8.203
BCP 5.170
ABCP 13.800

[«7
o]

GPAEE OO &N

VIBRATION SCORES

g

Mean
Squares For F'

03 <1
1.166 1.151
.443 <l
1.63k 3.591e
.103 <)
373 2,14k
66 <l
.62 2.253
J65F 2.302
Jys <)
57 <l
a7 <1
278 <1
.28 <1

557

Source of

Varisbilicy

A 519%10)
B {condivions)

:

EA N R e o
g
g [ o

3E3&8

C (frequencies)
P (s.bjects)

AB
AC
AP
BC
bp
cP
ABC
ABP
ACP
BCP
ABCP

e o
[
R
S

2EaE

-3
)
W

o)
drs
wI3

Lot

DIFFERENCE SCORES
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TABLE XLVII WORK LOAD ANALYSES

TIME SCORES, SMALL KNOB

Source of Sum

Varlability Squares

=9
la]

A (levels) ko9
B (conditions) 210.12k
¢ (frequencles) +955
P (subjects) 38,324

e |

AB 202
AC 2.168
AP 1.308
BC 1.282
BP 13.475
CP 3.480
ABC 2.770
ABP 353
ACP 15.681

6.005
ABCP 9.923

VIRRATION S8CORES

DO EHF OO & &

bource of Sum Mean
Veriabilicy Squares Squares

A (levels) 038
B (conditions) .104
C (frequencies) 053
P (s ljects) 3
56k
3

.03°
S
249

ES
N &

e

SRERY

&

. L
[+ 2 -y
AR A
-

[
OWVWw W PO
38

33

SEEEEQQSQEQ
BhBorbhrrmanesern I8

38

-

DIFFERENCE S3CORES
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TABLE XLVIII WORK LOAD ANALYSES

TIME SCORES, HORIZONTAL LEVER

Source of Sum Mean

Varisbility Squares Sauares For F'

A (levels) .248
B (conditions) 185.661
C (frequencies) h.545
P (subjects) 23.355
h.o29l

2.319

.503

5.013

8.559

2.162

1.227

9.975

u.aos

7.602

VIBRATION SCORES

15

124 <l
185.661 172.068%6%

1.136 2.123
5.839 10,91 bwew
2.146 11.600

.29 1.551

047 <1

.126 <l
1.253 4,177

535

270

|ls3

‘187

.300

.238

r™)
O NE FOWOD & £

L o
N NN

Source of Sum Mezan

Variavility Squeres Squares For F'

A {lovels) 47 A2k <1
B {conditions) .356 356 <1
C (trequencies) 6.19 1.5.3 3.550%
P (s.bjects) 1.526 382 <l
b.240 £.124 6.417
2.68 330 1.294
481 R <l
1)) 122 <)
4.529 e 5
6.969 438 .6
.32 290 Wf
2.48 308 A5
8,147 25
z‘t\‘ej 025l
4,557 267

o
ta ]

NRE EFDEND & &

o
3

-

Bolacw

DIFFERENCE SCORES




TABLE XLIX WORK LOAD ANALYSES
TIME SCORES, VERTICAL LEVER

Source of
Variebllity

A (levels)

B (conditions)
¢ (frequencies)
P (subjects)
AB

AC

AP

BC

BP

cP

ABC

ABP

ACP

BCP

ABCP

Source of Sum
Varisbility

A (levels) 32
B $conditiom) +626

¢ (frequencies)
B oLe ujects)
AL

N

z

EHREEISES

9.387

DIFFERENCE SCORES
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o
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For F'

<1l
136,824
2.217
19. 783
1.020
<l
1.4
1.282
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TABLE L. WORK LOAD ANALYSES

TIME SCORES, HORIZONTAL THUMBWHEEL

Source of Sum Mean
Variability Squares df Squares For F'

(levels) .068
(conditions) 217.624
(trequencies) 1.368
(subjects) 31.127
.0h2

AC 1.738
.T6O
.837
5.722
5.025
5.325
2,307
9.961
8.466
11.228

VIBRATION SCORES

034 1.109
217.624 196.058%%
.3b2 1.090
T.782 2l , 783w
021
217
095

A
B
C
P
AB

DOENETE&ETOGBVL &&H

Sum Mean
Variability Squares Squares For F'

.585

ttions) 105

¢ (frequencies) 1.172
P (erojects) 7.257
.“l
1.077
1.709
1.305
1.036
5117
e‘a“
3.007
13.294
9.9
9.°192

DIFFERENCE SCORES

o
-y

292 2.026
-105
293

1.814
330
135
el
- 259

1.02! 3.35600
1 1.722%
. !‘l) HIN 3()(1
NAC 223
<36

e
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TABLE LI WORK LOAD ANALYSES
TIME SCORES, VERTICAL THUMBWHEEL

Source of Sum Mean
Variability Squares Squares For F'

A (levels) 2.034
B (conditions) 215.388
C (frequencies) 1.70k4
® (subjects) 36,706
AB 2.173
A Lk.066
AP 1.637
2.269
BP b.489
P 5.095
"dC 2.057 257 <1
2.548 318 <1
8.606 270 <l
5.034 315 <1
13.763 430

1.017 2.296
215.388 156.988xx%x
426 1.3%0
9.176 28, 855%#%

1.086 7.490
+508 1.881
. 205 <l
567 1.800

1l.120 3.556%
.318 <l

[ g IDJ
OO TEXCND &N H

VIBRATION SCORES

Source of Sun Mean

Variability Squares Squares For F'

A (levels) <393 196 2.390
B (conditlans) .T36 .T36
¢ (frequencies) 1.646 RAY-}
P (s:bjecta) .368 092
1.023 Sl2
1.487 A8
2.0kz 159
572 B
141 1.3
3.824 232
1.762 83
2.399 32
11.493 .35y
30(&6 0230
13.786 431

[=
-y

P
CEONEFTBEO T~

=
NN

DIFFERENCE SCORES
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