(NASA-CR-120706) BAN-SISTEWS EVALUATION OF
HOVING BASE VEHICLE SINULATION HOTION CUES

(Essex Corp.) - 113 p HC .$5.25 CSCL 05E

G3/54

§75=21030

. bnclas
. 18154

(ESSEX)

ESSEX CORPORATION - 303 Cameron Street, Alexandria, Virginia 22314 -



MAN-SYSTEMS EVALUATION OF MOVING BASE
VEHICLE SIMULATION MOTION CUES

Prepared by:

Mark Kirkpatrick, Ph.D.
Ronald G. Brye

ESSEX CORPORATION
303 Cameron Street
Alexandria, Virginia 22314 .
ESSEX CORPORATION
Huntsville Operations
11309-E South Memorial Parkway
Huntsville, Alabama 35803

Prepared for:

NATIONAL AERONAUTICS & SPACE ADMINISTRATION
Marshall Space Flight Center
Huntsville, Alabama 35812
(Under Contract NAS8-29914)

April 1974



ACKNOWLEDGEMENTS -~ ™~

Th; motion cue investigation program described in this report was . -
formulated and performed through a joint effort by NASA MSFC Computation
Labor;tory and Essex Corporatioﬁ. The Essex effort was performed -under
Contract NAS8-29914 wirth Mr. Frank L., Vinz of the Computation Laboratory
as C.0.R.

This program would not have been possible‘without the support and
contributions of the many MSFC Computation Laboratory perscnnel involved.
Their dedication, interest, and technical knowledge contributed significantly
to the success of the overall program.

Particular and special appreciation must go to Mr. Jim Buckner ﬁf
Computer Sciences Corporation, Computer Systems and Simulation Operations
Branch, Computation Laboratory for his cutstanding contribution to the

~technical success of tﬁis program. The special efforts of Mr, Jim Young

and Mr. Oscar Hobson of Hayes International Corﬁoration, Cdmmunications
Branch and Mr. John Archamﬁeoult, Link Representétive must be noted here for
their invaluable support in maintaining the program equipment aﬂd providing
technical assistance to every phase of the program.‘

The technical advice and coordination provided throughout the program by
Mr. Frank L. Vinz as C.0.R. and by Mr. Maurice H. Knighton, NASA engineer,
were extremely helpful and greatly appreciated. |

Special thanks must be given to the.manf people who participated as test
subjects in this program who gave up considerable time and energy towards
making‘this a successful expérimental program and their gooed humor, patience,
and interest were appreciated throughout the program. Thanks are owed to
Ms. Elizabeth Esch fﬁr her typing the final manuscript and to Mr. Shelden Shenk

for-his‘gpaﬁhics work.



AV/AT

DOF

- df

S5

low

SYMBOLS

Linear acceleration parameter for veloclity ramp
Fore-aft motion axis

Vertical motion axis

Pitch axis (rotation about the Y axis)

Right-left motion axis

Number of unconstrained axes of a physical system
Acceleration due to gravity at sea level

Statistical degrees-of-freedom - corrected sample
size which produces unbiased statistical estimation

Sum-of-squares ~ the sum of squared deviation of a
set of sample values about their mean

Mean square or variance - the unbiased estimate of

~the mean squared deviation of a set of sample values

about their mean

F~ratio - a hypothesis testing statistic found by
the ratic of two mean squares

Absolute linear acceleration value a = |X| or |Z]
AT Interval Duration

Derived detectability figure of merlt for accelerations
aleng the X axis

Derived detectability figure of merit for accelerations
along the Z axis

Base of natural logarithms
Forced-choice detection probability

Free parameter used in regression equations for P
on Dx’ D,, or De

loge 1-P

Estimate of b

ii



Absolute angular acceleration value o = |B|

_ Derived detectability figure of merit for angular

accelerations Iin the pitch axis

Proportion of total variance of P which is due to
individual differences in acceleration semsitivity

Maximum velocity during test interval
Total digtance travelled
Error of estimation for a single data point

Bar indicates the mean of the variable over which
it is placed

—
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1.0 INTRODUCTION

The study reportéd here deals with human factors aspects of high
fidelity wvehicle simulation. To adequately simulate a suerCE, alr, or
space vehicle with the operator in the loop requires that vehicle motions
in six degrees of freedom be adequately represented as the operator outputs
command and control actions. This entails reproducing position and its first
two derivatives in six degrees of freedom via the simulation apparatus.

The problem is that while a six degree of freedom simulator can be
constructed, the structural details will constrain the cab to certain travel
excursions in each axis. While acceleration characteristics of the vehicle
in question can be produced depending on éab/structural mass and driving
force, the resulting rates cannot be maintained indefinitely due to travel

"limits in all six axes.

These limitations on cab travel for any‘giveh simulator thus place a
restraint on the fidelity in termsrof actual motion which can be presented
to the operator. A theoretical approach to the solution of the problem
rests on the nature of the human response to non-visual motion cues. Assuming
that the simulation technique involves a cab—mbuﬁted visual display system
{(as opposed to external pfojection) then the problem becomes one of producing
cab motions which approximate the real vehicle motion with an error not detect-
able by the motion sensing capabilities of the operator. _fhis approach
“involves commanding an "onset" cab acceleration which represents the initial
acceleration profile of thelactual vehicle and then nulling this acceleration.
The real vehicle might maintain this acceleration and resulting velocity but

the simulator cab cannot due to travel constraints. Therefore, the cab must



be brought to rest at a decelefation not perceptible to the operafor. It

should alsq.be returned to a central position on the axils in question so that

the system mayArespond to further operator cﬁmmands. Such a procédure is gen-
erally referred to as a "washout technique"”. Its use depends on the demonstrated
fact that the human sensory system does not directly sense velocity other than
visually and that the response to acceleration via the vestibular system, limb
position, pressure sensing,etc. presumably exhibits a threshold effect, accel-
eration below some value producing a negligible probabilit? of detection by

the operator. .

The values of this threshold for the various aies should thus serve as
upper limits on accelerations produced by the '"washout technique” in order to
prevent spurlous cues due to the simulator itself. The threshold values thus
constrain the maximum acceleration which can be used during "washout".

The application of washout techniques to vehicle simulation is a topic
of considerable current interest to those involved in complex simulation as
attested by the fact that a recent conference on simulation at NASA'S Ames |
Research Center included pafers dealing specifically with washout methodology
(Refs., 1,2,, The interest in washout techniques reflects the increasing
sophistication of simulation in recent years - particularly in the piiot
training and pilot performance fesearch areas. Lack of fidelity of ﬁotion
cues impacts the valldity of obtained results from simulators in at least two
ways. The existence of spurious cues specific to the simulator may elicit
invalid responses from the experienced pilot., In the case of.pilot training,
they may contribute to "learning to fly the simulator” as opposed to learning
skills which will readily transfer to the real aircraft situation. A second

effect 1s that spuriocus cues presumably contribute to motion disturbance

~ experienced by many subjects in simulation programs. Much of this difficulty



is thought to derive from the fact that the motions of most real vehicles

result in correlations or dependencies between the visual and vestibular cues

experienced byltheir passengers. With enouéh experience on the réal system,
spurious cues would then disturt the normal learned correlations when an
experienced operator is exposed to simulation of the wvehicle in question.

The investigation described here was conducted using the General Purpose
Simulator at NASA's Marshall Space Flight Center. This facility is a six
degree of freedom moving base simulator designed to simulafe a wide range of
vehicles. Studies conducted using the device have dealt with aerodynamic
vehicles, lunar surface vehicles, and surface effects ships. Some of the
state-of-the-art features of the MSFC general purpose simulator include:

. Wide angle vision system (136 x 42 degrees)

. Color visual presentation

. Articulated Scheimpflug camera probe having infinite depth-of-field
and roll, pitch, & yaw rotations

« Virtual image projection

« 40 x 15 ft (12.2 x 4.6 m.) terrain model

« 3 degree-of-freedom camera gantry

. b6 degree-of-freedom motion base
. translation up to + 4 ft (1.2 m.)
. attitude up to + 32 degrees

The current study employed the Generél Purpose Simﬁlator to study motion
cue threshoids in three axes - fore/aft translation, vertical translétion,
and pitch, The study was part of an effort to provide adequate fidelity ;o
employ the simulator in investigations of various vehicles.including:

. Automobiles and other high vehicles
. Surface effect vehicles

. Public transportation vehicles

. Fixed and rotary wing aircraft

+ STOL, VIQL, VSTOL aircraft

. Commercial aircraft

. Orbital vehicles



The study conducted here had two purposes - to provide further general
data on-nbn-vigual motion thresholds and to establish specific threshold values
for use as washout parameters in vehicle simulation using the MSFC General
Purpose Simulator. Thus, the data reported serve both a specific technology
development and a general reéearch functioen.

A preliminary review of the available data on tranélation and attitude
acceleration thresholds disclosed considerable variation in results. Some
of these results have been summarized by Huddleston (Ref. 3). A 1list of
selected threshold results appears in Table 1-1 partly taken from Huddleston
and partly from other sources. | |

Several possihle explanations for the observed variation in results may
be put forth. These generally may be classified as differences between subjects
and differences in methods used by various investigators. Stewart (Ref. 11)
has stressed the individual differences between subjects in acceleration sensi-
tivity and Clark and Stewart {(Ref. 12) have'presented dat'a on yaw thresholﬁs
suggesting a range from .10 to 3.20 degrees/sec2 for the between-subject
distribution using a detection response method.' Use of the oculogyral illusicen
was found to yield a smaller range of from .01 to-.60 degrees/secz. Whiler
these data clearly indicate subgtantial differences between subjects in terms
of acceleration sensitivity, differences in method also exist.

The greater semsitivity of the oculogyral illusion as opposed to dectection
response methods is well illustrated in the work of_Stewart(Ref. 11} and Clark
and Stewart (Ref. 12). There is reason also to suppose that the response
method used for detection responses may influence results. The argument for
the method.of forced choice is discussed in Appendix I. It will suffice to
note here that recognition of the bias effects or decision pr;cess'on the part‘

of observers as a strong factor in threshold measurement and the development
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of appropriate sensitivity measures has been carfied out since the early 1960s. -
Earlier*thréshold studies have been questioned because of these methodological
advances (Greeﬁ and Swets, Ref; 13). Variébility of results due tﬁ small
methodological variations -~ even in the case of logically equivalent pro-
pedures - has been noted in earlier threshold studies for many sensory modes.
For this reason, it is tenable to suppose that pre-1960 acceleration threshold
studies may have produced variable results due to failure to control observer
decision processes. It should be noted that the work of Sfewart (Ref. 11) an&
Clark and Stewart (Ref. 12), however, is free of thié deficliency since they
enployed the method of forced choice, |
The purpose of the current study, then, was to establish or confirm
permissible velocity change rates for specific application in washout tech-
nology for use in the MSFC General Purpose Simulator. One feature of this
simulétor, as noted previously, is a state-of-the-art visual system. Washout
of_tr#nslation or attitude rates in such a simulator iavolves contradictor&
cues since during washout, appropriate visual cues (associated with a Eonstant
rate) would be available. .Since acceleration thresheld studies have typically
been conaucted under visually impoverishéd conditions, fhe present study
undertook to test the hypothesis that acceleration sensitivity would Be
reduced during a vehicle control task involving visual feedback as compared
with a condition having the subject in darkness and emitting no control
actions., Such a differential sensitivity effect would permit higher washout
velocity change rates during éctual vehicle simulation. To éerform the study,
three experiments were carried out in three selected degrees of freedom. The
MSFC Genérql Purpose Simulator was programmed to provide varying aceceleration
levels and the method of forced choice based on the theory ofmsignél detecta-

bility (Green and Swets, Ref. 13) was employed.



2.0 TECHNICAL APPROACH

2.1 - Ceneral Simulation Method

The NASA_Narshall Space Flight Center general purpose Six Degree-of-
Freedom (6 DOF) motion simulator was programmed to execute a pre—e;tablished
motion sequence for each axis under investigation. A motion sequence.consistéd
of the base being driven in one of two directions in each of three axes
(horizontal, vertical, or pitch), either accelerating or decelerating. Con-
stant amplitudes of acceleration were combined with various time durations.
Each motion sequence was presented under two different test conditions -

baseline, no visual cues or secondary task, or a contradictory cue condition,

a visual scene being presented at a constant forward velocity combined with
a steering task of lateral motion control.

Puring each‘motion séquence the Subject was presented with two test
:intervals and he was to decide-in which interval he judged the signal (change
in velocity) to be present. This decision was repcrtedlvia a response panel
which interfaced with a hybrid computef ﬁsing éwo discrete sense lines. The
sequence of events from initiation of motion sequence through résponse by the‘
subjéct'was termed a trial, 7 |

Four motion profiles each having varioﬁs AV/AT values combined with two
directions of motion produced 40 trials. Figure 2-1 presents the four basic

motion profiles used throughout the testing .program.

2.2 - Event Sequence and Response Method

Each trial began with the base slowly accelerating (value lower than
lowest test signal) to reach an initial velocity. This initializing permitted

the subject's sensory system to adapt as well as reducing base lurches vhen

-
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vélocity changes were introduced. During the initialization period a "feady"
lamp lighted on tﬁe subject resﬁpnse panel in the cab signalling the subject
that a trial was to begin. This lamp remained 14t during the initialization
period and then went off before test interval 1 started. - P
During test interval 1 a signal (velocity change) was either present ﬁr

absent. A lamp on the subject response panel lighted, indicating test interval
1. This lamp remained 1it during the test interval and then went off. After
a short time pause, test interval 2 then began and a signal was either present
or absent depending upon a signal presentation during interval 1. During this
interval a lamp on the response panel was lighted signalliﬁg test interval 2.
The test interval 2 lamp remained lit during the test period and then went
off. After a short pause the response laﬁp was lighted signalling the subject
to respond by throwing one-of two fesponse switches corresponding to the inter-
"~ val he judged the signal to be present in. The responge lamp remained 1lit
until a response was made. After completion of thé respdnsé the base then
:recycled for the next trial:and the procedure repeated..

| Each trial contained only one signal assigﬁed at random to one of the
two test Intervals. The digitél computer_tested the subject response againsf‘
the true state of affairs and recorded whether tﬁe1re5po;se was correct or in

error.

2.3 = Axes Investigated

Three axes of motion were investigated for thils program (See Figure 2-2),
Experiment 1 investigated velocity-change detection in the foré—aft transla-
tional axls of motion. Experiment 2 investigated velocity-change detection in
the vertical translation axis of motion. E#periment 3 investipated velocity-

change detection in the pitch rotational axis of motionm. In each eiperiment
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the subjects' only concern was detection of a change in velocity rather than
jects y g y

the direction of motion.

2.4 - Sinmulation Apparatus

The laboratory facilities used are located in the Computation Laboratcry"
at MSFC. Three main systems were employed throughout the testing program:

« MSFC 6 DOF general pﬁrpose motion simulator with enclosed
cab and videc display.

. A hybrid computer system which provided control of the motion.
base and data recording functions.

. An optical pickup system, TV camera, and a 15' x 40' three dimen-
sional terrain model,

Figure 2-3 presents the block diagram for these three systems;

The MSFC Six Degree-of-Freedom moving base simulator is manufactured by

the Singer Corporation and is capable of providing independent motion in six
degregs of freedom by simultaneous yet discrete operation of six 5-foot
hydraulic actuators arranged in three bipod.pairs between the base and floﬁr.
Figure 2-4 shows a model of the General Purpose Simulator in a pitch-down
-configuration. Figure 2-5 shows the hydraulic actuator systém. The dynamic
performance capabilities of the motion system are.given in Table 2-1.

The base carried a completely enclosed cab where thevsquect wastlocatéd;
Located in the cab were the subject response panel, a wide angle videc display
system, steering wheel, airliﬁe pilot's seat, and headphones for communication.
The cab interior is shown in Figure 2-6.

The hybrid computer system consisted of an Electro-Mechanical Research
6050 digital computer and an Applied Dynamics 9800 analog computer. The
digital computer provided actuator commands for positional change as a func-
tion of time (12.5 mS integration), test sequence logie (inte;val.l or 2},

statistical. calculations, and recerded subject response.
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FIGURE 2-3. Simulator System Block Diagram



FIGURE 2-4. MSFC 6 DEGREE-OF-FREEDOM MOVING BASE SIMULATOR IN A PITCH DOWN POSITION
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FIGURE 2-5.

MOVING BASE SIMULATOR HYDRAULIC ACTUATOR SYSTEM
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The analog computer provided trunking between the digital computer and moticn
system, transmitted response inputs €o tﬁe digital system and provided
steering and dispiay‘dynamicé. | | ;

Dependent data were collected on a line printer for real-time display and

recorded on magnetic tape for later statistical analysis,

The optics system consisted of a Dalto Electronics Corporation DEC M-15

gantry fitted with a 140 degree Farrand optical probe having Scheimpflug
infinite depth-of-field capability and a Thomson-Houston THV-170/C field
sequentlal camera operated without the color wheel as a black and white system.
The optical probe and terrain model are shown in Figure 2-7.

The DEC M-15 gantry is a servo-driven unit providing three degree-of-
freedom translational motion of the optical probe and television camera along
é three dimensional terrain model containing a two-lane automobile highway.
The THV-170/C camera provided a 441 séan line, 180 fields pér second, video
format. The Farrand d13p1ay‘ié a multi-channel deviCE'hgving 140 degree
.horizontal fiéld—of—view capability. For tﬁis study it wa5'0pérated with
_on1y one camera which provided a 45° horizontal by BBd vértical image of thé
terrain model. Collimated projectionradded realism to the image by making
it appear a great distance frém the test subject and thus‘éliminating parailéx

effects.

2.5 ~ Test Subject Selection

Subjects were selected within the Computation Laboratory and screened
as to history of inner ear troubles and normal vision. A total of 35 subjects
participated in the program - 18 for fore—aft'translation, 7 for vertical

translation, and 10 for pitch rotations.
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FIGURE 2-7.
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TERRAIN MODEL SHOWING SIMULATED TWO-LANE

AUTOMOBILE HIGHWAY



2.6 - Contradictory Cues Condition

This portion of the testing program measured the impact of contradictory
visual cues combined with a secondary task oﬁ the overall accuraconf signal
detection as compared with that from the baseline data. As with the baseline
condition each subject completed a block 6f 40 trials under the test conditien.
The block of trials presented was identical in every respect to that of the -
baseline with the exception the subject was given a view of a long two-lane
highway and instructed to steer along this road.

The subjective sensation was that of driving aloné a highway with moderate
erosswinds, The forward velocity was preset by the hybrid computer and could
not be modified by the subject's action. His only task was to command lateral
translation, or steer, by turning the steering wheel, left or iight to stay
witﬁin the confines of the highway and not concentrate on maintaining a fixed
lane position. No data were recorded as to frequency of off-road incidents
but the subject's steering performance was monitored by the experimenter and
in the event of large or/and lengthy off-the-road deviations or high ffequeﬁcy
of off-road incidents the sﬁbjects werercaﬁtioned to stay on the road. All
subjects performed the steering task with few deviatiouns.

Fixed parameters for the contradicteory cues condition are presentéd

below:

Vehicle Velocity (forward) 25 miles/hr
Steering Wheel (angular) Displacement 340° (lock-to-lock)
Steering Sensitivity Ratio 60%
Steering ''Noise' Ratio . 3.2161 positive feedback
Time Delay Constant for "Noise" 0.1 second

Oversteer

The crosswind effect was.perceived as a wind pushing the yehicle in the

same direction as was steered. The strength of this wind was directly related

18



TABLE 2-1

PITCH

ROLL

YAW

VERTICAL

LATERAL

LONGITUDINAL

PERFORMANCE OF 'SIX-DEGREE-OF-FREEDOM MOTION SYSTEM

Pogsition
+30°, -20°
+22°
+32°
39 in
(99 cmy P
30 in  Down
(76 cm)
+48 in
(+122 cm)
+48 in
(+122 cm)

Rate

iﬂSolsec
i}Solsec
+15%/sec

+24 infsec
(+61 cm/sec)

+24 in/sec
(+61 cm/sec)

+24 in/sec

(+61 cm/sec)

19

Acceleration

+6.5 rad/sec2
+7.0 rad/sec2
+6.0 rad/sec2

iﬂqﬁ g

+2.4 g

+2.0 g



to angular displacement of the steering wheel so that each 10 change in the
wheel produced a ;.5 mile/hr increase in wind. If left uncorrected, the
vehicle continued to change heading - eventually going off the road. To
correct for the crosswind the subject steered opposite untii-a change in
heading was noticed, then slowly reduced the turning of the wheel until he
was back on the road and headed straight. A 0.3 second delay between turning
the steering wheel and noticeable change in heading provided realism to
the steering task. Although the steering wheel has a + 170° capability, the
average displacement during testing was about 1120.

The contradictory cue condition was not designed to répresent any parti-~
cular vehiclé but simply to provide a visual scene showing forward motion
and a control task of moderate difficulty. Since these were considered to be
the primary characteristics of veﬁicle simulation, the present method, although

arbitrary, appeared sufficient to test the general contradictory cue hypothesis.
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3.0 EXPERIMENT 1 - FORE-AFT MOTION SIGNAL DETECTION

3.1 - Objective

The objective of Experiment 1 was to measure linear acceleration sensi-
tivity in the forward-aft (+ X) directions. Data were collected under baseline
conditions (no visual cues) and then when contradictory cues (visual cues plus

steering task) were introduced.

3.2 - Apparatusg

The apparatus consisted of the six degree-of-freedom motion base and
the response panel located in the cab. |

Contradictory visual cues were provided via the television system described
in Section 2.0. An automobile steering wheel mounted in the cab enabled the
subject to command lateral translation while the hybrid-computer maintained
-a constant forward speed.

Communication between the éxperimenter and subject was pfoyided by head-
phones which aiso helped maék auditory cues from the mqtion.base hydraulic

system which might influence subject performance.-

3.3 -~ Experimental Design

Five independent variables were manipulated in Experiment 1. These
variables and their levels were as follows:
Test Conditioen Baseline (no visuai cues) or

contradictory (steering plus visual
scene with constant forward velocity)

Direction or Motion Forward or Aft
Velocity Change Acceleration oereceleration
Test Signal Duration 6.5, 1.0, or 1.5 seconds
- Magnitude of Velocity Change 0.2 to 1.5 ft/secz.(0.006 to 0.0472)

21



The combinations of magnitude of velocity change and interval duration
were selected based on simulator travel constraints, availablg literature
on fore;aft acceleréﬁion sen;itivity, and the resultslof.the pilot study used
to select levels for the‘main experiment. The ten cases gmﬁ}oyed are described
in Table 3-1.
Eighteen subjects performed the tests under all combinations of levels
of the independent variables, Each subject completed a block of 40 trials
under one of the two test conditions, baseline or contradictory cues, before going
to the next block of 40 trials. The order of presentation of specific treat-

ment levels was randomized per block of 40 trials.

3.4 - Procedure

Baseline conditions -~ Each subject was Instructed to adjust the seat in

front of the steering wheel to where he would normally be wﬁen driving an
automobile, A seat belt was then loosely fitted 5round the waist for protec-
tion in case of malfunctions. He was instructed to plaée'ﬁis feet on a pad

to minimize vibration and keep his hands in his.lap until ready to make a‘
feaponse. Instructions were given to each subject as to the objective of the
test, sequencing of the tesﬁ-panel lamps and activétion of tﬁe response switches,
The headphones were positioned and the noise source turned on. FEach trial
began with the "ready" lamp lighting, signalling a trial was to begin. This
lamp went off and the test interval 1 lamp lighted. During.this interval, a
test signal was either present or absent. This lamp.went off and test interwval
2 lamp lighted. During this interval a signal was either present or absent.
Interval 2 lamp went off and the response lamp lighted cueing the subject to
respond by selecting interval 1 or 2 response switch., After subject response,

the motion base system recycled for the next trial and the same procedure

repeated.
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TABLE 3-1

ABSOLUTE MAGNITUDE OF VELOCITY CHANGE AND INTERVAL DURATION
FOR_EXPERTMENT 1 '

Acceleration
Case Interval Duration {sec) 8 ft/sec:2 cm/sec
1 .5 | .006 .193 5.883
i .5 .012 .386 11.765
3 .5 .019 611 18.623
4 .5 _ .031 .997 30.389
5 .5 047 1.512 46,086
6 1.0 .019 611 18.623
7 1.0 031 .997  30.389
8 L5 006 .193 ~ 5.883
9 1.5 ' .012 .386 11.765
10 1.5 .019 .611 18.623
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Contradictory cue condition - This sequence of testing was identical
to that of baseline, with thg exception of the subject being required to
.steer along a two-lane road during the entire test period. Positive feedback
from the steering commands gave the effect of a moderately difficult tracking
task that was more demanding than ordinary driving.

The subjects were allowed practice éteering along the road with no cab
motion prior to actual testing. During actual testing, their only criterion
for steering was that they attempt to "stay on" the road, and in most cases,

the test subjects were able to do so.

3.5 - Results and Data Analyses

The dependent measure employed in Experiment 1 was signal (velocity
change) detection accuracy. Signal detection was scored as being correct or
incorrect based upon the test interval selected by the subjéct versus the
test interval the signal was presented in,

These data were Subjectéd to a five—waj anaifsis of-variance assuming
" a treatments by subjects design and all facto?s fixed except subjects. Téble
3-2 presents the signal detection accuracy source table.

Table 3-2 shows the main significant sources of variance to be direction
of travel, sign of velocity change, and case which refers to the AV/AT, AT
combinations employed. The main effect of test condition was not found to
reach the .05 level of significance. The data, therefore, fail to support
the hypothesis of generally depressed sensitivity due to introduction of the
steering task and its associated visual cues. A significant interacﬁion
{(p < ,05) was, however, obtained between test condition and direction of

travel, This effect is illustrated in Figure 3-1. Figure 3-1 suggests that
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TABLE 3

ANALYSIS OF VARIANCE OF X-AXIS

-2

VELOCITY CHANGE DETECTION PROBABILITY

#Significant at the ,05 level
#*Significant at the ,01 level

25

Source df 55
Test Condition (T) 1 .62
Direction of Travel (D) 1 2.50
+ AV (G) 1 1.88
Case (C) 9 17.72
Subjects (S) 17 5.92
TxD 1l .80
TxG 1 .03
TxC 9 .57
Tx S 17 3.85
DxG 1 .10
DxcC 9 7.69
Dxs 17 2.52
GxC g 4.96
G xS 17 3.41
Cx 8§ 153 21.60
TxDxC 1 .22
TxDxC 9 1.03
TxDxs5s 17 1.37
Tx GxC 9 .56
TxG=xS§ 17 2.60
TxCx 8§ 153 18.21
DxGxC .9 9.98
-Dx Gx 8§ 17 2.57
DxCx35 153 23.03
GxCx8§ 153 19.02
TxDxGxC -9 W27
TxDxGx S 17 2.30
TxDxCxS5S 153 21.04
TxGxCxS 153 20.57
DxGxCx S 153 22.59
TxDxG=xCx8§ 153 17.95

TOTAL 1439 237.50

MS

.62
2.50

1.88

1.97
.35
.80
.03
.06
.23
.10
.85
.15
.55
.21
14
.22
.11
.08
.06

W15

.12
1.11
+15
.15
.12
.03
.13
14
.13

15

.12

F

2.76
16,83%*
9.41%%
13.95%%*
9.94%%
.16
.23
.66
5.68%%
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FIGURE 3-1. _Measufed Probability of Correct Detection of X-Axis
Velocity Change as a Function of Test Condition and
Motion Direction




depression of acceleration sensitivity does occur but only under motion in
the aft direction. This suggests that the effect of the steering task and
visual cues to forward mction may permit higher accelerations than would be
expected from baseline data in returning the c;b to its central position
following ﬁashout but has little effect on permissible decelerations during
washout.

The main effect of the sign of the velocity change is illustrated in
Figure 3~2, The data suggest greater sensitivity to deceleration than to
accelerétion. This finding is in contradiction to that of Clark and Graybiel
(Ref. 5) who reported a higher threshold value for deceleration than accelera-
tion. In a @ilot study conducted to establish acceleration/deceleration
levels for Experiment 1, these were initially established to bracket tﬁe
values of .02 g for the acceleration threshold and .08 g for the deceleration
threshold as reported by Ciark and Graybiel (Ref. 5). Subjects were able to
rdetect decelerations with near—ferfect accuracy.,- This led té qsé of orthogonal .
combination of aﬁsolute AVkAT values and AV sign for the main study with the |
-fesuiting small but statistically significént increment in deceleration as
compared with acceleration.- |

The remaining significant sources of variance‘in Table 3-2 deal with
AV/AT, AT cases studied.rTo provide a means for generalizing the data obtained,
it was considered necessary to provide a regression équation for correct
detection probability as a function of absolute acceleration level and duration
of the acceleration. The development of a functional form follows Guedry
(Ref. 14) in supposing that the vestibular system response should be propor-
tional to acceleration with an exponential lag for modest acceleration values.

A simple equation for a "detectability figure of merit" would then be:
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D, = a(l-e %) S (3-1)
Where D = figure of merit

absolute value of AV/AT (ft/secz)

i)
]

AT (sec)

L]
]

Eq. (3-1) does not need to be an exact model of vestibular dynamics but it
does accord with theories of vestibular functioning. Table 3-3 gives the
calculated values of D, for the acceleration and duration levels employed
here.
If D, serves as a figure of merit for detectability, detection probability

should be related to Dx in the following ways:

. Detection probability (P} should increase monotonically with Dx}
+ The limit of P as D, approaches infinity should be 1.00.

. P should equal .50 whenp,= 0,

A simple fuhctional relationship which meets7thesé requirémeqts is:

P = 1- .50e °0x

(3-2)
ﬁq. (3-2) was employed as aggﬁgctional form for fitfing a regréssion line to
the data. To reflect the significant interaction effects found in Table 3-2,
the free parameter b was estimated separately for the four combinations of
 sign of velocity change and direction of travel. This analysis was performed
ﬁsing smoothed probability data based on the analysis of variance model with

terms dropped based on the results of the analysis of variance F tests.

To estimate b, it 1s necessary to take logarithms on both sides of

eq. (3-2):

55 = -bD loge | . .(3-3).
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TABLE 3-3

DETECTABILITY FIGURE OF MERIT
FOR EXPERIMENT 1

Case a(ft/sec?) _als) . _AT Dy
1 .193 .006 .5 .076
2 386 .012 , .5 .152

3 .611 .019 .5 1,240
4 997 .031 .5 .392
5 1.512 .047 .5 .595
6 611 .019 1.0 .386
7 .997 .031 1.0 .630
8 | .193 .006 1.5 .150
9 386 .012 S L5 L300

10 611 .019 1.5 TS

3o



 Assuming natural logarithms are used:

loge 1 -P = bDy ‘ . (3~4)
.50

Eq. (3-4) has the general form of a linear function with zero intercept:

Where A = loge 1 -P (3-3)
.50

To estimate b, the error of estimation is:

E = A-bD : ' o : (3-6)
*

And the sum of squared errors is:

2 2 2

- _ p -
IES = ZA 2bZAD, + b znx (3-7)

Least squares estimation then requires the first derivative of eq. (3-7) with

- respect to the parameter:

2 .
diE 2 S
% - -2LAD, + 2bID, ) (3—3)
Setting eq. (3-8) to zero:
-‘sz : . - 3-9)
EADX_ = bID, . . (3-
and
b - IADk (3-10)
7D
x
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A difficulty arises at this point since estimation of b by means of
eq. (3-10) does not necessarily reduce the sum of errors to zero. Fitting a
non-zero interéept would satisfy both estimation properties but would result
in P taking on some value other than .50 when D, = 0. The b estimate which

does reduce the sum of errors to zero may be obtained by summing of eq. (3-6):
IE = IA -~ bID (3-11)

Setting eq. (3-6) to zero:

b = IA = A - (3-12)
zD ) . i

Estimation was carried out separately using eqs. (3-10) and (3-12) and
since the results were found to agree within a few percent, the presented b
values are based on eq. (3-12). These estimates are shown in Table 3—%.' The
data points and fitted functions are shown {in Figures 3-3 to 3-6. The
function values for a particular level of D should be used to determine the
detection accuracy for interpolated values of AV and AT. The curves for -
the four combinations of levels of motion direizion and sign of velocity

change represent smoothed data which reflect the main trends isclated by the

analysis of variance.
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TABLE 3-4

ESTIMATES OF THE DETECTABILITY PARAMETER b
FOR X-AXIS VELOCITY CHANGE

a,

Motion Direction Velocity Change b
Forward Acceleration . -1.960
Aft Aéceleration ' ~2.458
Forward Deceleration -3.137
Aft Deceleration -3.695
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4.0 EXPERIMENT 2 - VERTICAL MOTION SIGNAL DETECTION

4.1 - Objective

The objective of Experiment 2 was to measure linear acceleration sensi-
tivity in the vertical (% 2Z) axis. Data were collected under baseline condi-

tions and then with contradictory cues introduced.

4,2 - Apparatus

The apparatus consisted of the same equipment described in Experiment 1.

-

4,3 ~ Experimental Design

Five independent variables were manipulated in Experiment 2. These
variables and their levels were as follows:
Test Condition ' Baseline (no visual cues) or

contradictory (steering plus visual
scene constant forward velocity)

Direction of Motion Up or Down

Velocity Change o Acceleration or Deceleration
Test Signal Duration | 0.5 or 1.0 seconds
‘Magnitude of Velocity Change 0.097 to 1.191 ft/sec?

(0.003 ro 0.037g)

The levels of test signal duration and velocity change magnitude are shown
in Table 4-1.

Seven subjects perforﬁed the tests at all possible combinations of
‘levels of the independent variables. Each subject completed a block of 40
trials under one of the two test conditions before going to the next block
of 40 trialé; The order of presentation of specific treatment-levels was

randomized per block of 40 trials.
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TABLE 4-1

ABSOLUTE MAGNITUDE OF VELOCITY CHANGE AND INTERVAL DURATION

Case

10

1.0
1.0
1.0

1.0

FOR EXPERIMENT 2

- S

.003
.005
.009
.012
.025
.037
005
.009
.025

037

39

ft/sec

.097
.161
.291
.386
.805
1,191
.161
.291
.805

1.191

cm/sec2

2.957
4.907
8.871
12.429
25.921
36.314
4.907
8.871

25,921



The dependent measure employed was detection response accuracy.

4.4 - Procedure

The procedure was identical to that for Experiment 1 for baseline and

for contradictory cues.

4.5 - Results and Data Analyses

Signal detection accuracy was scored as being correct or incorrect based
upon test interval selected versus interval signal presented.

These data were subjected to a five-way analysis cof’variance assuming a
treatments by subject design and all factors except subjects fixed. The
resulting analysis of variance table for signal detection accuracy is pre-
sented in Table 4-2.

The significant sources of variance iden#ified ip Table 4-2 were the
case main effect and the interaction of motion direction, sign of velocity
change, and case. Therefore, the same analysis discussed in cbnnection with

Experiment 1 was carried out. In the case of vertical motion, the detecta-
bility figure of merit is denoted D,. Table 4-3 giﬁes values of D, for tﬁe
combinations of velocity change and interval duration studied. Case effetﬁs'_
were fitted separately for the four combinations of motiongdirection and
direction of velocity change, The parameter b has the same interpretation
asrin connection with Experiment 1. The estimates of b coefficlents are

shown in Table 4-4. The corresponding functions and data polnts are depicted

in Figures 4-1 through 4-3.
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ANALYSTS OF VARIANCE OF Z-AXIS

VELOCITY CHANGE DETFECTION PROBARBILITY
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. *% Sienificant at the .01 level
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.03
.03
.18
10,32
3.51
.03
.06
2.15
.81
.86
1.44
1.15
4.00
6.01
14,00
.18
1.29
2.15
1.26
1.41
9.27
3.60
©1.86
13.14
13.57
©1.86
10.28
9.02
9.92
9.07

133.57

MS

.03
.03
.18
1.15
.58
.03
.06
.24
.13
.86
.16
.19
Jab
1.01
.26
.18
L14
.36
.14
.23
.17
.40
.31
224
.25
.21
.19
.17
.18

.17

.15
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TABLE 4~3

DETECTABILITY FIGURE OF MERIT

FOR EXPERIMENT 2

Absolute Velocity Change

-8

.003
005
.009
.012

.025

.037

005

,009

025

.037

ft/sec

.097
.161
.291
.386
. 805

.161-

.291

.805

1.191
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2

cm/sec

2.975
4.907
8.871

1 25.921
36. 314

4,907

8,871

25.921

36,314
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114
.152
.31?
469
.102-

L1840

.509

. 753



TABLE 4-4

ESTIMATES OF THE DETECTABILITY PARAMETER b

FOR

Z-AX1S VELOCITY CHANGE

Motion Direction

Up
Down -
Up

Down

Velocity Change

Acceleration
Acceleration
Deceleration

Deceleration
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-1.201

~0.606

-1.201

=2.205
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MEASURED PROBABILITY OF CORRECT DETECTION

3

o Upward Acceleration or Deceleration Probability Data
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DETECTABILITY MEASURE Dz = a(l - e~T) (ft/sec?)
- FIGURE 4-1. Measured Probability of Correct Detection of Z-Axis Upward

Acceleration or Deceleration as a Function of Absolute

Value of Acceleration or Deceleration and Interval Duration.
Numbers in Graph Refer to Cases 1-10.
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° Downward Acceleration Probability Data
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FIGURE 4-2. Measured Probability of Correct Detection of Z-Axis Downward

Acceleration as a Function of Absolute Value of Acceleration
and Interval Duration. Numbers in Graph Refer to Cases 1-10.
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FIGURE 4~3. Mcasured Probability of Correct Detection of Z-Axis Downward

Deceleration as a Function of Absolute Value of Deceleration
and Interval Duration. Numbers in Graph Refer to Cases 1-10.




5.0 EXPERIMENT 3 -~ PITCH MOTION SIGNAL DETECTION

5.1 - Qbjective

The objective of Experiment 3 was to measure angular acceleration sensi-
tivity in the pitch up - pitch down directions. Data were collected under

baseline conditions and then when contradictory cues were introduced.

5.2 -~ Apparatus

The apparatus was the same as that used in Experiment 1.

5.3 - Experimental Design

Five independent variables were manipulated in Experiment 3. These

variliables and their levels were as follows:

Test Condition - Baseline (no visual cues) or
contradictory (steering plus visual
gscene with constant forward velocity)

Direction of Motion ~ Pitch Up or Pitch Down
Veleccity Change Acceleraﬁiqn or'becelera;ion'
Test SignallDuration 0;75 or 1.25 secondS' |
‘Magnitude of Veloéity Change | I to5 degreés/sec2

The combinations of signal duration and magnitude of velocity change employed
are shown in Table 5-1.

Ten subjects performed the tests at all possible combinations of levels
of the independent variables. Each subject completed a block of 40 trialsl
under one of the two test conditions before going to the next block of 40
trials. The order of presentation of specific treatment levels was randomlzed

per block cof 40 trials.
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5.4 - Procedure

| The procedure was the same as pre#ious ekperimengs. The;subjects were
allowed practice steering along the road with no base motion prior to actual
testing. During the testing their only criterion for steering was that they

attempt to stay within the confines of the road.

5.5 — Results and Data Analyses

Sigﬁal detection was scored as being correct or incorrect based upon
test interval selected versus interval the signal was presented.

These data were subjected to a five-way analysis of variance assuming
treatments by subjects design and all factors except subjects fixed. The
resulting analysis of variance table for signal detection accuracy is pre-
sented in Table 5-2Z.

Table 5-2 shows that test condition, travel Qirection, and velocity
change direction interact with case although no variablelo;hef than case was
. found to exert-a significant main effect. Consgéuéntly, curves were fitted
to the case effects separately for each combination of travel direction and
direction of velocity changg.r Only the data from the steering task condition
wefe employed éince introduction of the task was found to feduce acceleration
sénsitivity under the acceleration conditon.

The figure of merit employed for pitch acceleration'sensitivity is
exactly analogous to that for translation and is presented in Table 5-1.

Angular acceleration was substituted for linear acceleration so that:

ol - ey - | - G-D

o
[ar]
]

Dg = angular acceleration figure of merit
absolute change in angular velocity - degrees/sec
interval duration - sec

2

H
[
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TABLE 5~1

ABSOLUTE MAGNITUDE OF VELOCITY CHANGE
FOR_EXPERIMENT 3

Acceleration TFigure of Merit

Case _AT deg/sec2 DB

1 .75 1 .528
2 .75 2 1.055

3 .75 3 1.583
4 75 4 ‘2.110
5 .75 5 2.638
6 1.25 - 1 .713
7 1.25 2 1,427
8 1.25 | 3 2,140
9 1.25 3 _;; 2.854

10 1.25 - s © 3.567
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TABLE 5-2

ANALYSIS OF VARIANCE OF PITCH-AXIS

VELOCITY CHANGCE DETECTION PROBABILITY

j= ™
Lay

Source

58

Test Condition(T)
Direction of Travel (D)
+ AV (G)

Case (C)

Subjects (8)

X

o)

[}

oo oo
WO R OO R ODWYWOWEERODOWOOMHOWOWHEREWWHR -

HeelsHuaguoolsaa oo e a3~ AN
oo
=

WX oM oM oW K MM MM MK OM MMM MM MMM MMM
DogoooocoMooQuuounsaonoonony

HoE K MW M M MR MMM KK MK

OO unuIOLn oo

MR oM KK
aGwmino
o
[

x5 51

TOTAL ' 799

¥Significant at the .05 level
k¥*Sipnificant at the .01 level
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.10
.00
«35
6.45
14.70
.01
1.36
1.96
4,31
.28
2,81
l1.21
3.21
3.71
16.81
.21
1.30
.80
2.60
3.70
14.50
2.73
1.28
12.85
17.40
.90
45
12.26
14.08
-9.31

162.59

MS
.10
.00
+55
.72

1.63

1.36
.22
48
.28
.31
.13
.36
41
.21
.21
.14
.09
.29

.41

.81
.30
14
.16
.21

llo i

.05
.15
.17
.11

.21

.01
1.33
3,45%=%

- 3,31



" TABLE 5-3

ESTIMATES OF THE DETECTABILITY PARAMETER b
FOR PITCH AXIS VELOCITY CHANGE

a,

‘Motion Direction : Velocity Change b
Up ' Acceleration _ -.225
Down ‘ Acceleration -.360
Up ‘. Deceleration ~.431
Down - "~ Deceleration - -.238
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The function:

-bDgy " :

P = 1 - ,50e (5-2)

was then fitted to the pitch detection probability data. The estimates of b
obtained are given in Table 5-3. Thé smoothed data and functions are shown

in Figures 5-1 through 5-4.
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MEASURED PROBABILITY OF CORRECT DETECTION
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FIGURE 5-1. Measured Probability of Correct Detection of Pitch Axis Upward .

Angular Acceleration as a Function of Absclute Value of Acceleration
and Interval Duration. Numbers in Graph Refer teo Cases 1-10.
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FIGURE 5-3. Measured_ProBability of Correct Detection of Piteh Axis Upward Angular
Deceleration as a Function of Absolute Value of Deceleration and Interval
Duration. Numbers in Graph Refer to Cases 1-10.
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© PITCH DOWNWARD DECELERATION PROBABILITY DATA
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FIGURE 5-4. Measured Probability of Correct Detection of Pitch Axis Downward
Angular Deceleration as a Function of Absolute Value of Deceleration
and Interval Duration. Numbers in Graph Refer to Cases 1-10.




6.0 DISCUSSION AND RECOMMENDATIONS

6.1 - Summary of Present Data

The functions fitteq to the detection probability daqa'ﬁrom all three
experiments are summarized in Tgble 6-1., Table 6-1 shows the relevant fitted
function for each axis, direction of motion, and direction of velocity change.
As an example, consider forward acceleration in the X axis. From Table 6-1,

the probability of detection data were found to be described by the regression

equation;
P = 1~ .5e71:96Dy (6-1)
Where:
P = Detection probability for a specific
combination of AV/AT and AT
e = Natural log base

-1.96 = Value of the parameter b fitted to the
: relevant data from Section 3.0

Dy = Detectébility figure of merit for

AV/AT and AT combinations for tramsla-
tion in the X axis.

6-1 as:

Dy is also defined in Table B
D, = (1 -eT ' (6-2)
¥ a )
Where:
a = Absolute value of AV/AT, presented

during an interval

T = Interval duration - sec
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TABLE 6-1 ' CORRECT DETECTION PROBABILITY FUNCTIONS

Velocity - Detection Detectability
Motion Change Probability Figure Of
Axis Direction Direction ‘ Regression Equation Merit
b4 Forward Acceleration P = 1-.5¢1-960Dy D, = a(l—e"?)
Aft Acceleration P = 1-.5e~2.438Dy a = Absolute value
Forward . Deceleration P = l—.52-3‘l37Dx ?gtygizgity change
JAft . Deceleration - P = l-.53-3'695Dx T = Interval.Duration
' (see)
Z Up Acceleration ' P =‘1—.Se"1'201Dz D, = A(l-e_T)
Down Acceleration P = 1-,5¢ 606D, a = Absolute value
Up Deceleration P = 1~.5e_l'201DZ ?ﬁchizgity change
Down Deceleration P = 1---.5e"2'ZOSDZ T = Interval Duration
_ : {sec)
Pitch Up . Acceleration . P o= 1—.5e"225D5 DB = q(l-e-T)
Down ' Acceleration ) | P = 1-.5e"- 360Dy @ = Absolute value
Up - ‘ Deceleration N P = 1-.5¢"-431Dg | iiéﬁggu%zzgjgizgity
Down | Deceleration ._ ' P = 1-.5¢~-238Dp T = I;terval.ﬁuration

(sec)



6.2 = Application to Washout Techniques

The regression equations of Table 6-1 yield the best fitting describing
functions for the cbtained data, Consequently, these equations should be
used to calculate acceleration levels for washout methods. To illustrate the
application of the data as summarized in Table 6-1 to washout calculations,
consider a simulation in which the operator commands a vehicle acceleration
in the forward direction (+X). In response, the motion system should be
commanded to accelerate simulating the motion of the actual vehicle. 1In
following the acceleration command, however, the cab wilkt acquire a rate which
must be nulled or washed out within the travel constraints. The initial
acceleration is a proper motion cue and should be at a value détectable by
the operator with high probability. The feollowing deceleratioﬁ, however, is
a spurious cue, if detected by the operator, and should therefore be detectable
with low probability. To illustrate the use of equations in Table 6-1 in
satisfying these objectives, consider the entire process (valid accele;ation
cue and washout deceleration) as two pure velocity ramp components. The

situation is diagrammed in Figure 6-1.

VELOCITY

TIME

FIGURE 6-1. Velocity Ramp Motion Profile
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In Figﬁre 6-1, acceleration takes place during intervél 1 and deceleration
during interval 2. T; and T) denote the interval durations and a; and aj -
denote the appropriate absolﬁtelaccelerations. Obvioﬁsly, th; situation shown
in Figure 6-1 cannot be obtained in practice since it involvgs discontinuous
motion. The assumption is made here that no smoothing periods are required.
for acceleration changes to simplify the process of illustfating the general

method. If V, denotes the maximum velocity obtained during the total time

interval, then:
VM = alTl = azTZ ’ (6"'3)

The average velocity during each time interval is denoted as V where:

Z ‘ : (6-4)
" Then the total distance travelled during both intervals is:

d = V(T + Ty) S o (6-5)
These equations may be employed for any of the three axes studied during

the present effort. To illustrate the use of the data, three acceleration/

washout cases were calculated as shown below:

Axis Motion Cue Washout Motion

X Forward Acceleration Forward Deceleration
Z Upward Acceleration Upward Deceleration
Pitch Downward Acceleration Downward Deceleration

To select time interval and acceleration parameters, various constraints

may be introduced. One objective is to make the initial acceleration
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highly detectable, It will be suppose& here that this ;riterion is satisfied

if the acceleration detection prpbability is equal to .90. The necessary

calculations are illustrated below for the case of the X-axis motion sequence.
To introduce the constraint of probability .90 of detECEing the initial

forward acceleration, the relevant equation from Table 6-1 is:

-1.96D,

P = 1- .5 (6-6)

Setting eq. $-6)to .90 and solving for D, yields a required value for D, of
-8214. Combinations of a; and Ty which result in D = .8214 are thus acceptable.

D -is given by the appropriate equation from Table 6-1 as:

Dx = al(l—e—Tl} | “(5-7)

Setting eq. (6-7) equal to .8214 and rearranging yields:

a, = .8214(1 - D7 | o (6-8)

Selecting a value of the initial durationm, T1 then allows calculation of the

necessary acceleration to produce a detection probability of .90 via eq. (6-8).

For example, if the initial duration is .50 sec.,

a, = .8214(1 - %) | (6-8)
a, = .8214(1 - .6065)* - | . (6-9)
a, = .8214(.3935)"% ‘  (6-10)
a, = 2.0874 ft/sec? o (6-11)

The maximum velocity attained during the motion sequence is then given by
eq. (6-3):

v, = aT; = 2.0874 ft/sec? + .5 sec | O (6-12)

v

. = 1.0437 ft/sec | - ©(6-13)
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The total distance travelled during the motion sequence is given by
. eq. (6~3). For the General Purppse Simulator, the constraint on X-axis

distance is approximately 8 feet. Setting eq. (6-5) equal to 8 feet.

8.0 ft = V ft/sec (T1 + T2 sec) _ . (6-14)"
Since:

" 10437

vV = 2 = 2 = L5219 ft/sec {6-15)

Eq. (6-14) ylelds a value of T, + T,

8.0 ft

T1 + T2 = ,5219 ft/sec = 15.33 sec (6-16)

By subtraction, therefore, Tz = 15,33 - .50 = 14,83 sec. The deceleration a,

necessary to null the maximum velocity is given by:

M  1.0437 ft/sec o ) - .
ay = T, = 14.83 sec = .0704 ft/sec : (6-17)
T2 and a, may then be substituted in the X-axis forward deceleration regression

equation from Table 6-1 to predict the washout motion detection probability:

D o= ap(l-eT2) = .0704(1 - 71483 (6-18)

The expression in parentheses is essentially equal to unity for an

exponent of -14,.83 so that D, = 0704 ft/seéz. The detection probability is

2
then estimated via the appropriate equation from Table 6-1:

P = 1-.5¢ 31370 . | (6~19)
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P = l - .58-3'137 * -0704 ’ . (6_20)

P = 1- .5e"-2208. . S (6-21)
P = 1 - .5(.8025) | _ (6-22)
P = .559 S (6-23)

The above calculations were carried out for a range of interval 1 dura-
tions for the three motion sequences listed on page 69 . The results are
shown in Figures 6-2 to 6-3,

Figure 6-2 shows the relationships between interval 1 acceleration and
duration necessary for a detection probability of .90. Thé linear accelera-
tion values fﬁr X and Z are read from the left-hand ordinate, Angular accel-

eration is read from the right-hand ordinate. The curves show the relation-

ships:
X-axis D, = .8214 = a;(1 - eT1)
Z-axis Dz = 1,3410 = al(l - e~TD)
Pitch-axis Dg = 4.4720 = a3(l - e"T1)

which are required for detection probability of .90 in all caseé.

Figure 6*3-shows the maximum rate reached as a function of interval 1
duration. Translation velocities for the X and Z axes are shown on the left-
hand ordinate. Angular velocity for pitch is shown on the right-hand ordinate.
' The rate constraints of the General Purpose Simulator are shown as horizontal
dashed lines, Figure b-4 shoﬁs total duration and iﬁterﬁal 2 durations which
result from the travel distance constraints of the General Purpose Simulator
and the maximum rate data of Figure 6-3. Figure 6-5 shows the probability
of detecfing the washout deceleration during interval 2 as a.function of

total sequence duratioen.
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FIGURE 6-2, COMBINATIONS OF ACCELERATION AND INTERVAL 1 DURATION WHICH YIELD A
DETECTION PROBABILITY OF .90 FOR THE INITIAL ACCELERATION OF SELECTED MOTION PROFILES
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TRANSLATION VELOCITY - FT/SEC
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FIGURE 6-3. MAYIMUM VELOCITY REACHED DURING SELECTED MOTION PROFILES
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o FIGURE 6-4. TOTAL SEQUENCE DURATION AND INTERVAL 2
DURATIONS AS FUNCTIONS OF INTERVAL 1 DURATION FOR SELECTED MOTION PROFILES

66



L9

WASHOUT DECELERATION DETECTION PROBABILITY
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6.3 - Recommended Motion Sequence Parameters

"The problem of selecting parameters for the motion sequences is essen-
tially a trade-off based on the data of Figures 6-2 to 6-5. The three axes
vary in terms of approaching constraints. Based on these da&a a set of
recommended motion sequence parameters were developed and are shown in Table
6-2. A primary consideration in this anaiysis was that washout deceleration

probability should be kept in the range .60 - .70.

6-3.1 - X_Axis

Selection of interval duration for the X-axis forward acceleration pro-
fiie does not appear to be.strongly constrained by the velocity limit of 2.0
ft/sec. The primary problem is that the data showed subjects to be more
sensitive to deceleration than to acceleration as evidenced by the ratio of
1.6 in terms of the b parameters. This produces the requirement for low
Vwashout decelerations compared to the initial accelerafion and yields large
values for the interval 2 duration. Based on Figufe 6—5,-the Xfaxis tetal
'sequenée duration to yield a washout detection probability of .60 is on the

order of twice that of the other axes. The primary driving constraint for

the X-axis is thus total sequence duration. To reduce this duration to 12
sec,, a washout detection probability of .66 was considered acceptable. The
motion sequence parameters resulting from this constraint are shown in Table

6-2.

'6.3,2 -~ Z2-Axis

In the case of Z-axis upward acceleration, maximum velocity'was found
to be a limiting factor. The 2 ft/sec velocity constraint of the General
Purpose Simulator was found to limit the interval 2 time to about .85 seconds.

Reducing the interval 1 duration to about .15 sec. would yield a predicted
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TABLE 6-2

Motion Cue
Washout Motion

Motion Cue Detection
Probability

Required Detectability
Measure

Travel Constraint

Total Time For
Motion Sequence

Interval 1 Duration
Interval 2 Duration

Interval 1 Acceleration

. Interval 2 Deceleration

Maximum Velocity

Washout Motion Detection
"Probability

RECOMMENDED PARAMETERS FOR SELECTED MOTION SEQUENCES

-Axis

X-Axls

Forward Acceleraﬁion

Forward Acceleration
.900 = 1-.5e

Dy, = 8214 ft/sec2

8.0 ft

12.060
1.055
10,945
1.264
122

1.333

.660™*

* Input Constréint_

*% Primary Driver in Parameter Selection

Wk
sec

sec
sec

ft/sec
2

ft/sec

fr/sec

—1.96Dx1*

: .

Z-Axis
Upward Acceleration

Upward Acceleration

.900 = 1-,5¢"1-201D, %

D,, = 1.341 ft/sec2

5.75 ft

6.750 . sec
.500 sgec®™

6.250 sec

3.408 ft/sec?
273 ft/sect

.

1.704 ft/sec™™

640%*

Pitch Axis
Downward Acceleration

Downward Acceleration

.900 = 1-.5e" 300D *

Dg, = 4.472 deg/sec?

20 deg

6.300 sec

.750 sec*”
5.550 sec
B.476 deg/sec2
1.145 deg/sec?

6.357 deg/sec

.620%*



washoutrdetection probability of about .60 with a total duration of about

8.0 secon&s, This would involve an interval'l duration considerably below
the value of .5 seconds included in experiment 2 and thus would represent

an extrapolation of the data._ Since it is difficult to be certain that the
regression equgtions hold for very short interval durations, T, was increased
to .5 second which yielded a total duration of 6.75 seconds and a washout

detection probability of .64 as shown In Table 6-2..

6.303 - Pitch AxiS . . -

The situation with regard to downward acceleration in the pitch axis is
similar to that of the X~axis with the difference that the velécity limit is
not a constraining factor. A washout detection probability of .60 could be
obtained with about a 7 second total duration., This would involve an interval
1 duration of about .5 second which is below the minimum value of ,75 second
studied in experiment 3. This would involve extrapolation from the data and
as was done in the case of the Z-axis, this situation was avoided. The
interval 1 duration was raiéed to +75 second resulting in total duration of
6.3 seconds and a washout detection probability of .62 as shown in Table 6-5.

AThe reéommended parameter levels shown in Table 6-2 do not reflect
special requirements of specific vehicle simulations. The analysis could be
reviced based on trade-off considerations for particular simulation cases.

In addition, data for numerous other motion cue/washout profiles could be
prepared based on the data of iable 6~1. The analysis presented in this
section is more an illuétration of the application of the data than a basis

for firm parameter requirements.
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6.4 - Discussion of Results

The data for all axes show a significant dependence on the‘time interval
during which tﬁe velocity change is applied. This fact makes the comparison
of the current daﬁa with previous studies somewhat difficult since threshold
values are frequently presented in terms of rate of velocity change without
reference to pfesentation interval. To permit a compariéon, it is necessary
to assume that the ranges of threshold values from Table l-i are valid for
presentation intervals gfeater than about 4.6 seconds sincé at this duration,
the exponential time effect fitted to the current data has little effect.
Figure 6-6 shows two curves based on the data of Table 6-1. The regression
equations for the translation axes were set equal to .55 and sblved for Dx

or Dz.

A similar procedurelwas applied to produce .95 D, or D, values for
all translation motion profiles. These data are shown as a functional rela-
tionship between the detection parameter b and the D, or D, value necessary
for a detection probability of .55 and .95. rThe horizontal distance bgtweén
the .55 and .95 curves indicates the range of absclute acceleration level

o corresponding to the difference between near-chance performarce ana near
certainty of motion detection. For example, the X-axis forward acceleratioh
deteéﬁion parameter (E) value from Table 6-1 is 1.96. Thisiproduces a value
of D, of .0536 for detection probability .55 and 1.1735 for prebability .95,
The horizontal lines in the upper part of Figure 6-6 show the range of accel-
eration thresholds reported iq Table 1-1.

Figure 6-6 indicates a greater sensitivity to X-axis velocity changes
than indicated by the'literature. The maximum range interval determined for
the current data in the X-axis is that for forward acceleration which ranges
from .05 to 1.2 ft/sec?. Comparison with the range given in T;ble i—l

(.4 to 2.6 ft/secz) demonstrates that tﬁe present data show a lower central

value and variability than do the data reported in Table 1-1.
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Thekéituation is reversed for the Z-axis data, however. While the .55
pfobability curve based on the current data falls within the’threshold range
as given in Table 1-1, the .95 probability curve for é-akis data rises con-
siderably beyond the upper value based on Table 1-1, It appears likely that
the discrepancy arises from the threshold definitions ﬁsed in earlier work;
It does not appear that a threshold definition would produce an acceleration
value which would yield 95% accuracy in the present study. The range defini-
tion used here includes the acceleration values which produce from .55 to .95
probability of detection. The range of thresholds as given in Table 1-1 should
be more strongly constrained not including acceleration values as high as
those included in the current .55 to .55 probability ranée. When this factor
is taken into account, the comparison of current data with those from Table
1-1 would appear to indicate that the current data for Z-axis acceleration
detection agree fairly well with previous studies. In thelcase of X-axis
detection, however, the currenﬁ data indicate a greater degree of sensitivity
.to X-axis acceleration than do the Table 1-1 data.

‘A second means of comparison, which partly avoidé thé threshold defini-
tion problem, is to substitute Table 1-1 values in the-appropriate equations
from Table 6-1. The results of this analysis are_preseﬁted in Table 6-3.

It should be noted that these results are based on the assumption that the
constraints of presentation time are negligible. Table 6-3 supports the
above contention. For the X-axis, substitution of Table 1-1 acceleration
values in the present‘equations yields probabilitieé ranging from .769 to
near unity. This suggests that the current data indicate greater sensitivity
to X-axis accelerations than would be supposed based oﬁ previous results

reported in the literature.
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Axis

TABLE 6-3

Motion

Direction

Forward
Aft
Forward

Aft

Up
Dowvm
Up

Pown

PROBABILITY OF CORRECT DETECTION OF TRANSLATION VELOCITY

CHANGE BASED ON SUBSTITUTION OF TABLE 1-1 VALUES IN THE

REGRESSION EQUATIONS FROM TABLE 6-1

Velocity
- Change
Direction

Acceleration

I . N
lAcceleration

Deceleration

Deceleratidn

‘Acceleration
Acceleration

Deceleration

Dgceleration

Threshold
Acceleration (ft/sec?)
From Table 1-1

MIN MAX
.394 2.625
.394 2,625
.394 2,625
. 394 2.625
.033 492
.033 492
.033 492

.033 ‘ 492

Detection

Probability
N HAX
. 769 .997
.810 .999
.855 .999
. 884 .999
.520 .723
.510 .630
.520 .723
.534 .832



The Z-axis data,lhowever, conform more closély to prior results sincé
substitution of Table 1-1 values in the present equations yields probabilities
ranging from néar-chance performance to a m;ximum of 832, R

As regards angular acceleration in the pitch axils, the relevant data
are shown in Figure 6-7. The vertical bar at the top shows threshold range
data from Stewart (Ref. 11) for pitch detection. The curves depict the .55 and
.95 probability angular accelerations as a function of b. The data show much
the same trends as were identified for the Z-axis translation data - the 95%
curve being raised considerably relative to the prior data.

The results of substituting the values given by Stewart (Ref. 11) in the
appropriate equations from Table 6-1 are shown in Table 6-4. Here the assump-.
tion of no presentation time effect is warranted since Stewart's (Ref. 11)
daté are based on a 10 second presentation interval. Based on this analysis,
the current data show fair agreement with Stewart's (Ref. 11) data since
detection probabilities in the rangerfrom near—chance level to a maximum of
.807 are shown in Table 6-4. | |

A further comparison ﬁf the current data with prior data involves indi-
vidual differences in acceleration/deceleration sensitivity. Stewart (Ref. 11)
has goted that large individual differences exist for detection of angular _
acceleration detection, Clark and Stewart (Ref. 12), however, have shown tﬁat
pilots and non-pilets do not differ significantly in sensitivity suggesting
that the observed individual differencas are not strongly influenced by
experience in activities reguiring metion cue utilization. |

To examine individual difference aspects of the present data, the ratio
of between §ubject variance to total variance was calculated for each axis

studied, The relationship required is given by Hayes (Ref. 15) as:
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Axis

Pitch

Pitch
Pitch

Pitch

TABLE 6-4

Motion

Direction

Up

Down

Pown

PROBABILITY OF CbRRECT DETECTION OF PITCH VELOCITY

CHANGE BASED ON SUBSTITUTION OF STEWART'S (Ref, 11)

DATA IN THE REGRESSION EQUATIONS FROM TABLE 6-1

Velocity
Change
Direction

Acceleration
Achleration
Deceleration

Deceleration

Threshold

Acceleration (deg/secz)

From Table 1-1

MIN

- W10

.10
.10

.10

MAX
2.3
2.3
2.3

2‘3

Detection

Probability
MIN HAX
.510 . 703
«520 782
.520 . 807
.510 L7112



2 S5 Between Subjects - df * MS Within Subjects
W= 58 Total + MS Within '

Where W2 '= the proportion of total variance accounted for by
differences between subjects

2 are shown in Table 6-5.

The appropriate mean squares and the estimates of W
The data show that apﬁroximately 8 percent of the total detection probability
variance is accounted for by subject differences in the case of pitch. For

the translational axes, however, much lower percentages from 1.3 to 1.6 per-
cent of total variance is associated with differences between subjects. The
present data thus suggest that between susjects variatio; in detecting linear
acceleration is less than that for angular acceleration detection.

The hypothesis that contradictory visual motion cues would reduce accel-
eration seﬁsitivity was tested by the current.étudy with mixed results., The
overall detection probabilities for-éombinations of axis, test condition,
motion direction and velocity change direction are illustrated in Figure 6-8.

In all cases the visual scene provided cues indicating a forward cons;ént
.veiocity in the X-axis. |

| In terms of X-axis detection in tﬁe forward direction, no effect of test
condition is evident. This might be expected since the wvisual cués did not
conflict with non-visual cues ~ at least as regards direction of motion. For
aft motion, however, the reduced sensitivity effect is noted. This effect
accounts for the significant interaction of test condition and motion direction.

In the Z-axis, downward accelergtion and upward deceleration show some
evidence of depressed sensitivity. The remaining conditions appear fo produce

facilitation of detection. These results cannot be regarded as statistically

reliable, however, in view of the lack of a significant three-way interactiom.
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TABLE 6-5 PROPORTION OF DETECTION PROBARILITY
VARTANCE ACCOUNTED FOR BY DIFFERENCES
BETWEEN SUBJECTS

Axis Source - df §S Ms ﬁ

X Between Subjects 17 5.92 .350 .013
Within Subjects 1422 - 231,58 .163
TOTAL 1439 237.50 ————-

Y Between Subjects 6 3.51 .580 - 016
Within Subjects 553 130.06 .235
TOTAL 559 133.57  ——-m-

Pitch Between Subjects 9 14.70 1.630 .081
Within Subjects 790 147.89 .187 '

TOTAL 799 162,59 ==---
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The pitch data show sensitivity reduction fér acceleration but littlé
or no effect for downward deceleration. Upward deceleration appears to produce
facilitation. The three-way interaction is not significant for pitch but an
interaction between tést condition, velocity change direction, and case was .
found to be significant at the .05 level. This would support an interpretation
of sensitivity_depression during pitch acceleration but no effect asscciated
with deceleration — the appearance of this trend, however, depending on
magnitude of velocity change. |

The data then partially support the hypothesis of depression of motion
cue sensitivity in response to a contradictory visual presentation for the X
and pitch axes. Little evidence of such an effect was found for the Z-axis.

It ghould be noted from Figure 6-8 that the higher probability.data points
tend té show sensitivity reduction. The Z-axis data may have been obtained
tooc near the chance level for sensitivity depression to occur.

The data sugpest that visual effectg on non-visual motion sensitiwvicy
are worthy of further study. It would appear that since complex vehicle
simulation is characterized by control tasks and predominantly forward motion
visual cues, somewhat greater acceleration values might be used for washout
procedures than would be expected based on studies which remove visual input.
Where visual effects on non-visual motion detection were identified in the
current data, these effects have been Iincorporated into the regression equa-
tions summarized in Table 6-1.

Finally, it should be noted that the current study made no attempt to
isolate vestibular cueé from motion cues arising from other sensory modalities.
In the translation studies cues involving seat pressure, limb position, and
vestibular response were all available to the subject since tﬁése ;ould be

generally available in simulation exercises. Similarly for the pitch experiment
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the center of rotation of the cab was located below the subject's seated
position, Tr;nsla;ion cues in the X and Z axes were thus confoundéd with
pure rotation cues. For these reasons, the functions presented in Table 6-1
should simply be regarded as empirical regression equations. While an attempt
was made to felate the functional forms employed in regression'to‘available
information on the vestibular response, it is not implied that the fuﬁctions
used model the vestibular system in any exact way. The functions were

developed solely to permit generalization from the data points included in

the study.
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7.0 EXECUTIVE SUMMARY

The present étudy deals with motion perception in hipgh fidelity motion
Simulation. 1In simulating any of a wide variety of vehicles, methods for
providing non-visual motion cues correspondiﬁg to vehicle accelerations are
of importance. Since a simulator cab will have travel constraints determined
by the details of its construction, accelerations commanded by the operator
and the resulting rates cannot be maintained indefinitely. An approach being
currently considered by pérsons invelved in complex simulation requires
approximating the commanded acceleration and then nulling the acquired rate
with a deceleration not detactable by the operator. The technique of épplying
an imperceptible deceleration to null the cab rate is often termed "washout".
The méximum rate of velocity change permissible during washout is constrained
by the sensitivity of the human observer to non-visual acceleration/decelera-
tion cues. These ineclude the response of the vestibular system, limb position
seﬁsors, and pressure sensors in the sensory system,

The study reported here was desipgned to measufe observer sensitivity to
accelerations and decelerations using the NASA Marshall Space Flight Center
General Purpese Simulator. The objective of the study was to establish
acceptable acceleration levels for washout in applying the simulator to a
wide variety of vehicles iﬂcluding aircraft, spacecraft, and surface vehicles.
Since the General Purpose Simulator utilizes.a state-cf-the art visual system,
the hypothesis was considered that non-visual motion sensitivity would be
depressed in the presence of suitable visual cues corresponding to the com-
manded acceleration and resulting rate. That is, the visual scene presented’
to the operator need not be washed-out. The §isﬁal séene presentation can

respond to a commanded acceleration and can continue at the acquired rate



presenting visual cues which correspond to the actual vehicle motion. It is
the cab motion which must be washed-out and the washout non-visual cués which

should be imperceptible. The wvisual and non-visual cues are contradictory

in this situation and the hypothesis put forth here is that the visual cues
will depress sensitivity to the non-visual cues.

To carry out the study, the General Purpose Simulator was programmed to
produce cab velocity ramps having various rates of velocity change. . Testing
was conducted using acceleration and deceleration in both directions.in the
fore-aft, vertical, and pitch axes. 1In one trial, motion was presented in
only one direction of one axis. During a trial, one interval of time contained
constant velocity and one interval contained a velocity ramp. The subject
attempted to designate the interval containing a change in velocity. Tﬁe
probability of designating the correct interval was used as the dependent
.measure, -

To test the contradictory cﬁe hypothesis, trial blocks were run under ocne
of two conditioﬁs. In the Baseline condition, the simqlator cab interior was
blackéd out and the sole task was to respond by designating an interval upon

the completion of each trial. In the contradictory cue condition, the subject

performed a continuous lateral tracking task with input from the visual system.
The visual scene corresponded to a forward constant velocity over a terrain
model plus induced lateral excursions which the subjeét attempted to null via
a steering wheel. The cab motion was not influenced by the subject;s control
‘actions but was strictly programmed to test non-visual motion cue sensitivity.

The results indicated that detection probability was influenced by all
the independent variables in the study which included:

. Axis

. Direction of moticon
© . Sign of velocity change

B4



+ Rate of velocity change
« Interval duration
. Contradictory cues

The contradictory cue hypothesis was partly suﬁported by the data. TFor
X-axils motion, depression of senéitivity was noted for aft motion when contra-
dictory visual cues were introduced. No statistically reliable contradictory
cue effects were found for motion in the Z-axis. The pitch data showed sen~
sitivity depression for acceleration but no effect in the case of deceleration.

To generalize the data, a series of exponential regression equations were
developed to describe the data and permit interpolation. The regression
equations incorporate the effects of rate of change of velocity and interval
duration. A separate equation was fitted to the probability data for each
combination of axis, motion direction, and direction of velocity change where
these variables were found to exert statistieally significant effects on
detection probability. The resulting regression equations contain a para-
meter which measures sensitivity to velocity change. These.parameter values
describe the rate at which probability of detection increases with rate of
- velocity change and interval duration. Where significant effects of contra-
dictory visual cues were found, these decrements in sensitivity were incor-
porated inte the data fitted by the regression equations.

The resulting equations thus yield a predicted Qelocit? change detection
probability for a particular parametric combination éf rate of velocity change
and the duration over which the rate is éppl&ed. This predicted prebability
can be obtained for any of the three axes studied, and either direction of
motion and direction of velocity change.

To illustréte the use of these equations, motion profiles were developed

for selected cases where the motion provides a valid acceleration cue and a
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washout deceleration which should be imperceptible. The motion profiles
were calculated to yield a probability of .90 of proper cue detection and a

probability of..60‘of washout cue detection (.50 represents the chance
level). |

Compariéon of the present data with other published acceleration threshold
data suggested agreement in terms of sensitivity to vertical and pitch axis
acceleration, In the case of fore-aft accelerations, however, the present

data suggested greater sensitivity than has been reported in the literature.
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APPENDIX I

DETECTION OF ACCELERATION/DECELERATION - THEORY

I.1 -~ The Classical Concept of Threshold

The present discussion examines the consequences of attempts by human
cbgservers to detect weak sensory signals; The general concepts developed
here apply to a variety of sensitivity experiments. Explicit relations
between the theory and the current objectives will be developed in a later
section.

Classical studies of the detectability of stimuli employed the notiom

T

of the sensory threshold - that stimulus intensity which is "just detectable".

Laboratory methods were worked out 100 years ago for obtaining such data. 1In
theory, a well-trained observer should produce an all-or-none step function

. like curve A in Figure I-1. Unfortunately, empirical functions lock more like
B.

Due to this fact, an arbitrary convention was adopted. The stimulus.
.value‘which could be detected with a probability of .50 was taken as the
threshold. Today, thils approach is stillrfreqﬁently adéquate for system
design where the intensity of various signals may be selected by the designer
and a rough threshold measure is sufficient.

The current purpose, however, is to examine details of detection perfor-
mance so that arbitrarily chosen thresholds appear inadequéte. The naive

threshold approach outlined above fails for two reasons - 1t says nothing

about false alarms or cases where the observer reports a signal although none

was presented and it does not take account of attitude and motivation factors.
In classical psychophysics, it was assumed that the observer was trained to

avoid biases and to report his "true mental experience'. The presentation of
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experimental trials wherein no signal was presented was referred to as using
"eatch trials". If an observer reported a detection in these cases, he was
told to be more careful. Even so, a certain preoportion of false alarm errors

were generally found. This led to the correction for guéss{ngrmcdel which is

sometimes called the high threshold theory today.

I.2 -~ High Threshold Theory

The theory holds that a somewhat stochastic thresheold exists so that a
stimulus of fixed intensity has a fixed probability of exceeding the threshold.
If the threshold is exceeded, the observer always says "yes". If the threshold

is not exceeded, the observer says "yes'" with a guessing probability. This
probability is a part of the observer's strategy and is influenced by attitudes
and motivation. A tree diagram of the process 1s shown in Figure I-2.

The theory supposes that signals are presentgd in background noise (in the
nervous system-if not externally) but that this background can never exceed

the threshold so that "true" false alarms can never occur, There are four

conditional probabilities:

HIT P(S/s) =B + (1-R)8
: If s is present
MISS - P(N/s) = (1-8)(1~3)
(I-1)
FALSE ALARM P(S/fn) =6
If s is not present
CORRECT REJECTION P(N/m) = 1-6

These probabiiities may be found empirically. Note that'B is a measure of
detectability of the signal and § is a strategy parameter which the observer

changes depending on the payoffs and costs of correct responses and errors and

on the liklihood of signals. This assumes a detection process which is the

reason for this stﬁdy and a decision process which clouds the issue.
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Under the initial problem statement, P(S/s) is of interest for the psy-
chometric function. This statistic, however, is a fupction of both détection
and decision parameters. P(S/s) may increase if the signal detec;ability
(B) is increased or if the observer increases his willingpess to guess. The
guessing correction approach asserts that B is what should be plotted on the

ordinate of the psychometric function. From the model:
P(S/s) =8 + (1-B) P(S/n) (1-2)

B = P(S/s) - P(S/n)
1 - P(S/n) _ (1-3)

In theory, then, the false alarm rate may be used to 'correct'" the hit rate
for guessing and so estimate the detection parameter B. This apprcach.is
still seen in the literature. Unfortunately, the model may be shown to be
wrong, as will become apparent shortly. At this point it is sufficient Fo
note that the model predicts thét P(S/s) will vary linearly with P(5/n) as

the observer changes §.

i.3 — Theory of Signal Detectability
M;ch of tﬁe motivation.for the guessing correction.appfoach‘derives

from the fact that the psychometric function méy be displaced along the stim;—l
lus intensity axis 1f changes are inducted in-decision béhavior. This suggests
that a detectability measure is needed.which remains invariant when decision
behavior varies and which may be estimated from data despite the decision
...process.

An approach which has been supported by considerable empirical data and

which attempts to come to grips with decision factors has been termed the

theory of signal detectability (TSD) (Ref. 13). This theory begins by considering
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decision processesras an integral part of detection performance rather than
tracking it on cut of despalr as is true of the class%cal appreach.

The point of.departure of this theory is a decision.axis which may be
thought of temporarily as a neural system variable (x) and the probability
density functions for sensory effects of noise and signal plus noises. The
two distributions are considered to be identical Gaussians. While this
assumption is often made, it is not necessary. Empirical results often show
non-equality of varianceé‘andlnonﬁcaussian forms are sometimes suggested. The
result available to the cobserver on a single‘trial is a sample value of =x.

His task is to decide whether this is a sample from the noise alone or the
signal plus noise distribution. TFormally, if f(x/s) and £(x/n) are the normal
densities, and if x is observed, an optimal decision rule involves the likeli-

hood ratio:

Lx = f(x/s) For single value x :
£(x/n) : . - ' 7 (1-4)
Lx therefore has a continuous density over x and we can consider condi-

tional densities for Lx based on noise alone and signal plus noise ~ f(Lx/n)

—— -

and f{Lx/s). These densities form the likelihood ratic of the likelihood
ratio: '
L{Lx) = £(Lx/s) ‘
f(Lx/n) . ' (I-5)

and it can be shown that
L{lx) = Lx _ : {(I1-6)

So that the decision axis may be considered as a likelihood ratio continuum

and neural variables need not be considered., All the information available to
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the observer is contained in the likelihood ratioc Lx which.arose from:

f(lx/n) . If noise alone is present
or
f(1x/s) If signal plus noise is present ’

The desecription of sensory event information as a likelihood ratio dimension
1s valid even if the sensory event contains multiple cues.

To summarize - TSD.rejects the naive threshold assertion and supposes
that the cobserver is continucusly sensitive to sensory events. The likeli-
hood ratio captures the information available to him and describes his uncer-
tainty about the source of the observation - mnoise alone or signal plus noise.
If the 1likelihood ratioc were .1, noise would be likely, If 10.0, signal would
be likely.

The decision process remains to be postulated. The theory is normative
in that it supposes the decision goal to have optimal properties. The postu=-
.lated process is one familiar in decision theory. It supposésrthat the

observer attempts to maximize expected value.

To--express expected value it is necessary to consider the prior signal
and noise probabilities and the costs and payoifs associated with the possible

outcomes of a trial as shown in Table I-1.

TABLE I-1 - HYPOTHETICAL COST-PAYOFF MATRIX

State Of | Response S

Stimulus Noise P(n) Signal P(s)
Noise C.R. vin/n) | F.A. V(S/n)
Signal MISS V{N/s) HIT v(s/s)

it

P(s) Proportion of trials having signal

i

Pi{n) 1-P(s)
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~The V entries are values which accrue to the subject based on trial outcome.
For example, subjects might be paid 10¢ for a hit and charged 1¢ for a false
alarm. In terms of the objective payoff matrix, the expected value of a

trial 1s:

- EV = P(n)P(N/n)V(N/n) + P(n)P(S/n)V(5/n) + P(s)P(8/s)V(S/s) + P(s)P(S/n)V(S/n)

(I-7)

It may be shown that EV is maximized within the constraints of the task

if a likelihood ratio criterion is used, .The criterion is:

Say S Lx > B
If{ : .
N Lx < B . (I-8)

Where
[V(N/n) + V(5/n)] P(n}
B = [V(§/s) + V(Q/s)] P(s) - (1I-9)

The theory is one of an optimal observer who responds "signal" whenever
a likelihood ratio as large as or larger than f occurs and who says "noise"
otherwise. Data from such an observer yields a particular form of a function -

called the receiver - operating characteristic, Such a function may be

obtained by plotting P(S/s) against P(S/n) as the criterion changes. Suppose
that the noise and signal distributions ére identical Gaussians which are
independent and whose meané are separated by 0. Letjunoise =0 and 0 = 1.0,
Then the receiver-operating characteristic (ROC) depends on the separation
between the noise.and signal-to-noise means. In the assumed case or noise

= 0 and signal + noise = 1.0, The resulting ROC curve has the form shown in

Figure I-3.
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The ROC curve predicted by the theory has the following properties:

. The curve ié swept out by Inducting the observer to vary his
criterion. N . ;

. The observer moves along the curve based on his decision strategy.

. Changes in detectability sweep out a family of curves. The curve
is what is invariable in the situation.

. The curve is symmetrical about the negative diagonal 1if and only
if the noise and signal distributions have identical variance.

. The derivative of the ROC curve gives the likelihood ratio
criterion which generated the point in questiom.

. The area under the ROC curve gives a figure of merit for the
detectability of the stimulus which generated the curve.

L

. For the equal variance case, plotting the ROC curve on double- - ¥ UL 7T

probability paper yields a straight line, From this-function
a measure d:

d* = z(s/s) - 2(s/n) = ¥s - ¥n
: o , (1-10)

may be defined. dlis a measure of the separatlon of the signal
and noise distributions. It is calculated operationally from
normal transformations of the probability values observed.

1.4 - Empirical Methods for Measuring SignaliDétectability

I.4.1 - Yes - No Method R

- The observer responds yes.or ne to each trial., A selected proportiﬁn'of 7
trials contains the signal and the remainder contain noise. lThié proportion
as well as payoffs may be varied to study decision behavior. Signal strength
may be varied to study detectability, An example of data from thisrtype of
experiment is shown in Figure I-3. The data weée coilected by Green & Swets
(Ref.i3) from a task requiring detection of a pure tone in auditory noise.

The yes-no procedure is similar to the psychometric threshold methods
previously described. The difference is that the false alarm rate yields as

much information on sensory processes as does the hit rate. While the
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guessing correction or high threshold model reflects the importance of false
alarmé, the form of the ROC curve it predicts cannot account for data observed
in experiments. We have established that the hit and false alarm probabilities

given'by the high threshold model are:

fl

P(5/s) B+ (1-B)§ ' (I-11)

it
(=]

P(S/n) (I-12)

Therefore, substituting eq. (I-12)} in eq. (I-11):

P(s/s) = B+ (1-8) [P(S/n)] | 113

The hit rate is linearly increasing on the false alarm rate as § varies.

Furtﬁermore, the following functional values may be seen to hold:

P(5/n) P(5/s)
0 | B
1 _ 1

The high threshold model ROC curve is linéar. It has iﬁtercéptjﬁ and pasées
through the peint {(1,1). Application of the two theories to cufve fitting
using a wide range of emplrical data typified by those in Figufe I-3 has
resulted in rejection of the high threshold theory (Ref. 13).

The problem arising from the application'of the theory of signal detect-
ability in the current context is the large number of trials required by the
yes-no method. Varying signal strength (magnitude of velocity change in the
‘present case) requires data necessary to plot as many ROC curves as there are
signal strength levels of interest. Since 5 to 7 data points are usually

necessary to specifj one curve, the method is experimentally cumbersome: If

%



complete ROC data were available, an analysis of parameters of the curve would
be performed to characterize the curve and hence to characterize the detect-:
ability of a partiéular level of signal strength., As discussed previouél{,

the parameters used for this purpose are usually d’or the area under the ROC
curve. A method called the forced-choice procedure permits estimétion of these
sensory quantities with one set of empirical data as compared to the }es-no
procedure which requires 5 to 7 such data sets. This reduction in experi- |

mental effort is accomplished by sacrificing information on the decision cri-

terion adopted by observers under the experimental conditions.

1.4.2 — Forced - Choice Method

-In a M-alternative fo?ced—choice method, the observer is presented with
M intervals (temporal or spatial). One interval contains a signal and the
remainder contain noise alone. The observer attempts'to denote the interval
_containing the signal. |

Consi&ering a 2-alternative forced-choice procedure, two observations
X and x; are available from interval ] and 2 reépectively. VThig gives rise

to two likelihood ratios:

Lxl = f(xlls) and LXZ = -f_(XZ/S) (1-14)
E(x1/n) | £ (xp/n)

The assumed decision rule is that the observer endorses the interval having

the higher likelihood ratio. That is:

(Interval‘l Lxl > Lx27
Say If (I-15)
Interval 2 : (;sz > Lxl E
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The dependent measure generally employed in forced-choice experiments is the
probability of correct.

Notiece that nf the two likelihood ratios Lx; and Lxé, one arose from
the signal plus noise digtribution and one arose from the noise distribution.

The possible single trial outcomes are shown in Table I-2:

TABLE I-2 - FORCED CHOICE PROCEDURE SINGLE TRIAL OUTCOMES

‘ Likelihood
Interval Interval Ratio Interval
Case 1 2 Relation Endorsed Result
1 Signal Noise Lxy > Lx, - 1 Correct
2 Signal Noise Lx; > Lx, 2 Error
3 Noise Signal Lxl > sz 1 Error
4 Noise Signal ' Lxl > Lx, 2 : Correct

Under the cases where the signal is present in the first interval
Asuppose that Lx, = L, then the probability of correct équals the probability

that Lx, > L. Considering any value of L:

1 DS

P(COLxy = L) = Pllxy = L) P(Lx; > L) (1-16)
The second term - P(Lx1 > L) - is the area under the-dintributiqn of Lx given
signal from L to + «:

P(Lx; > L) = § £(Lx/s)dLx | (1-17)

L

Now suppose that in the yes/no procedure, the observer adopts a criterion

likelihood ratio (B) equal to L. Then by the yes/no response axiom:
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o0
P,(5/s) = § sux/s)dLx : (I-18)
L )

So that:

P(x OLx, =1) = P(x, = L) PL(S/s) (1~19)

The total probability - P(C) - is the sum of joint values P(C/1Llx, = L)

over all values of L:

+ee ,
P(C) = § P(Lx, = L) P(Lx; > L)dL (1-20)
40 ®
= [ Pax, >L)  ff@x/s)dix dL (1-21)
—00 L , , .

Green and Swets (Ref.l13 ) have shown that the right hand side of this
expression depends entirely on parameteré of the yes-no ROC curve in such a

way that by a change in the variable of integration:

B(C) = } [1 - P(s/m1dr(S/s) B o IR & 73
0 - : : . . :
So that the probability of correcf in a two-alternative force&—choice task is,
in tﬁeofy equal to the area under the yes-no ROC éurve.. Gréen and Swets
(Ref.13 ) have summarized considerable evidence showing that this result does
“hold for empiricai data. In fact one bf the Stréng points of the theory is
the demonstrated independence of the sensory measures of the experimental
method employed.
In summary, then, fhe initial problem was to specify a method for accelera-
tion sensitivity measurement which would be independent of changes in decision

behavior. The theory of slignal detectability has ‘been shown to account .for



numerous experimental findings and, according to the theofy,rthe probability
of correct in a two-alternative forced-choice task will be equal to tﬂe area
under the yes-no ROC curve and therefore free of effects of obsérver decision
factors. Accordingly, the forced-choice method was selected for use in the
current study., Signals were defined to consi;t of a constant acceleration/
velocity ramp presented during either the first or second of two fixed dura-
tion temporal intervals..lThe subject's tésk was to report which interval

he judged to contain a change In velocity.
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