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"3STRACT

A set of ranual trackino experirents has *een conducted to
deterrine the suitahility of tactual displays for presentinag
flicht-control information in multi-task situations, Although
trackina error scores are considerably greatur than scores
obtained with a continuous visual display, preliminary results
indicate that inter~-task interference effects are substantially
less vi1th the tactual display in situations that irpose hiah
visual scannineg workl~ads, The sincle-task performance dearada-
tion found with the tactual displav arnears to be a result of
the codina scheme rather than the use of the tactual sensory
nmode rer se, Analysis with the state-variable pilot/vehicle
model shows that reliable rredictions of trackino errors cr.
be ohtained for wide=-hand tracking systems once the pilot-. elated

model r.arameters have been acdjusted to reflect the pilot=~'splay
1ntcraction,
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Objectives

In current aircraft, nearly all the flicht parameter infor-
mation available \> the pilot is transmitted to him viszually,
whether under visual contact or instrument flyinoe conditions,

It has long been recoanized that during instrument flyinc condi-
tions the task of scannino just the essential instruments is a
taxina, faticuing one. It may be that displays usina information
from other modalities can alleviate the demands of this task.
Furthermore, the importunce of maintainina continuous attention
to the visual scene cutside the cockpit is beina increasineoly
realized for a number of situations. Traditic(nal panel-mounted
visual displays do not permit this, whereas display of informa-

ticen to other modalities could free the ever substantially from
tasks ingide the cockpit.

The goal of the study reported in this paper has been to
develop tactual displays that can be utilized for fliaht control.
The work has been conducted in three distinct phases: (a) review
and selection of elemental tactual transducers (tactors) for
operation in display arravs, (b) development of tactual disnlav
confiqurationes for flight control, and (¢) evaluation of the
proposed tactual displays in a series of manual trackino exveri-

ments utilizing the tactual arrays tocether with suitable dynamics
simulation of aircraft motions,

This parer summarizes the results of the trackina experiments.
Additional details on all phases of this project may be found in
{1}.

Backaround

Both auditory and tactual displays have been spplied to the
area of vehicle control. Perhaps the beat known study in the area
of auditory displays was the program known as flying by auditorv
reference (FLYBAR) (2, 3). The attempt was to supply the pilot
with all the information he required to enable him to maintain a
required flight path, By so doing, he would be ahle to devote
more time to scanning the outside envirorment,

Althouch inicial
experimental success was achieved, an operational svstem was
never developed.
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Tactual displavs can offer two distinct advantages over
auditorv presentations., First, tactual displays should not
interfere in any real wav with speech communications. Second,
the tactual modalitv is not lirited in its abili«v to present
information i1n a spatial pattern. Ballard and ..cssinger (4)
report an carlv attemnt to supplv flight control information
usinc just four vihrators mounted on one thumb, Hirsch and
¥adushin [5]) and Fenton {6] have hoth used tactual displavs
to surnlerent visual displav information and have found an
erharc_rent oor-ared vvith using the visual display alone. 2.

tation indicated that nilots would have difficulty in
gtsziizazshinq between differcnt rates for rinple rates areater
than 26 Hz, the ripnle rate was varied continuously with error
magnitude over a range of 2.6 to 26 Hz. (This rance is lover
than that found to he optimal by 1ill [8) in his study with a
ripple displav, but we were using a different form of codina
and a differe. type of stimulation,)

PROCEDURES

In adcditicn to these studies relating srecifically to
vehicle control, there have been a number of studies dealino
with the characteristics of tactual tracking., Most of these
studies have displaved information to the more roveahle parts
of the lodv, such as the hand and arr [{7-1C) and thc head and
face {11-121. Those investigators that have displayed informa-
tion to the torso [13, 14]) used just three vibrators per
trackine dimension to indicate either zero error, left-right
or un-down disrlacerent., hill et al, (7] sugocsted that tac-
tile displays are correctly interpreted more freauently when
located on hodv locations not involved with motion.

Description of the Task

The bulk of the experimental proaram was devoted to an
investigation of continuous manual trackina performance with
tactual and visual displays. 1n addition, combined trackina
and visual monitoring tasks were studied in order to provide
comparisons of tactual and visual trackina displavs in situa-
tions imposing & high scannina workload,

. Nescriptions of the trackine and monitorinc gasks are
viven bc:o;,”follawed by descrintions of the tracking disnlavs
and of the procedures used in analyzing the experimental d-:a.
Additional experimental details are provided in the discussion
of experimental results (Section 3).

Ve considcred that displav-control compatibility would
be an important variable in determinina vehicle control perfor-
mance, Because °f this, we selected the chegt and abdomen as
the displav area, since it 1s usually relatively immobile, and

the disrlay-~control relationships are unlikely to be altered as
the human operator merforms his various functions., The torso
also provides a relativelv uniform disnlay area for exploring
various display sizes anC ceometries.

We also wished to evaluate a two-aimensional tracking
display with minimal confusion bhetween axes as well as high
displav-control corvatibility without the use of large nuwmhers
of stimulstors. Prelirinary experimentation explored various
confiaurations for possible use as flight control displays, and

Tracking Tasks

important constraints were nlaced on the selec-
tion ogw: ::::kin: tagk, First, we wished to simulate the
important aspects of a £flight=-control task. Secondly, it Yns
important to obtain an accurate and comn.ete characteriznt‘on
of the pilot-display interaction so that the results of th sk
experiment could be extrapolated to other manual control tasks

using tactual displavs.

an X-Y display was selected with 7 stimulators on each dimension
with a common stimulator shared at the point of the axis crossing.
In order to enhance the pilot's ability tn interpret the tactual
information, X- and Vv axis trackino errors were presented seauen~-
tially, rather than simultaneously.

o considerations led to the selection of a gimulated
attitugze::qsgution tagk., A wings-level operatina point wisdselec-
ted, thereby allowine the pitch and roll axes to be uncounxzdit
This task not only prievided the required degree of fac:lza iad ;5
but interpretation of the measuremerts was greatly fac t: Y e
allowing each perceptual dimension of the tactual dispiav o re :
t> an independent single-variable control task., 1In this m:?neiarc
minirized the liklihood that the pilot's response to a par c:o
tactyal display variable would be confounded by his response
other tactual (or visual) display variables.

Because of previously reported studies which indicated that
simnle intensity cod’.ag would not be adequate in a multi-task
situation {13, 15], other codina dimensions were employed in this
study, 7 rinple display was designed that used both number of
tactors stimulated in a sequence as well as the rate of strobing
to indicate the maonitude of the tracking error. Since preliminary



Simplified vehicle dynanics were selected to represent the
resnonse of a high-speed fighter aircraft having good handling
aqualities [16, 17]. Piteh dynamics were of the form

o _ KG(S + l/Te)
— (8} = 3 ] (1)
‘e s(s® + 2¢ “.8 + u'o)

and the roll dynarics were

K

R e v 2

a1 b4

Values for the dynamic rarameters were

Top = 0.25 sec*
w, = €.0 rad/sec
£ = 0,85

Ty = 0.3 sec

and the control aains Kg and K, were selected during trainina
to prcvide acceptable system responsiveness.

The pitch and roll axes were perturbed by independent
random-appearing inputs which were applied as vehicle distur-
bances. The transfer function relating pitch response to
vitch-axis disturbance was the same as the pitch/control
relationship shown in Fouation (1) except that the numerator
contalned no reot. The roll-axis disturbance was applied in
rarallel :'1th the pilot's control input,

Poth disturhance inputs were constructed hy summinag
tocethicr 13 sinuscics of rardor race relotionshirs te sirulate
“iret=rr. _y “ruceian ntise nrocesses hLavir~ break freouencies of
2.C rad/sec, Input amrlituvdes were adiusted cduring trainina to
vield nearlv ecual ritch and -roll mean-scuared error scores for
the visual displav condition,

A two-axis hand control provided independent control inputs
to the pitch and roll axes., The contrecl was prirarily a force-
sensitive device (.12 em of stick motion per newton of force) and
could be manirulated with wrist andé finaer motions.

*A T, on the order of 1.0 second is morc commonly associated with
high-speed pitch dvnamics. But because the hand control used in
these experiments allowed a very rapid control response, it was

necessarv to lower the valuce of Te to provicde reasonable response

dynarics.

Two instrument-rated pilot served as test subjects for the
entire experimental program, Subject "A" was a commercial air-
line pilot with over 1000 hours of instrument fliaht time;
subject "B" was a recent Navv pilot with over 300 hours of
instrument time. Subject B had accomplished approximately 150
carrier-landings with medium~-attack aircraft,

Visual Monitoring Task

A visual monitoring task was uc-2 in the final evaluation
experiment to provide a substantial scannina workload. The
pilot was required to scan between two meter movements and to
depress a hand-held response hutton whenever either or both
of the meter indicators was outsicde a clearly-marked "allowable”
region. Separation between the meters and between each meter
and the visual tracking display was sufficient to reauire overt
visual scanning., The display panel for the combined monitoring
and visual tracking task is diagrammed in Fiacure 1.

Each meter was driven by an independent simulated first~
order noise process filtered by an additional first-order network
having a break freauency of 1.0 rad/sec., Signal amplitudes -
nominally eaqual for the two meters - were adjusted so that the
two meter indicators were jointly within their allowable regiones
about 50% of the time. The rate at which the subjects had to
change the state of the response button was determined experi-
mentally to be ahout twice every three seconds. This relatively
high response rate, cocupled with the seraration between disnlavs,
assured a high scanning workload whenever the visual monitoring
task was performed,

Tracking Displays

Three tracking displays were employed in this experimental
proaram: (1) a continuous visual display, (2) a tactual displav,
and (3) a guantized visual display that was desianed to he a
visual analog of the tactual displav,

Continuous Visual Digplay

The continuous visual display consisted of a CRT oresenta-
tion of an artificial horizon. Displev motion was compatible with
that found in an aircraft attitude instrument; i.e., & clockwise
roll of the aircraft was represented bv a counter-clockwise
rotation of the display indicator, and a nose-down attitude
was designated by an upward displacement of the indicator. The
display panel was located approximately 30 inches from the sub~
ject's point of regard.
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Tactual Pieplay

A varietv of tactual display confiaqurations were explored
and evaluated during the initial training phase of this nrrograr.
Only the configuration ugred in the formal Zata-takina sessions
is described in t*is paper; details on the preliminerv disrlay
T designs may be found in [1).

.

4

teen mechanical vibrators (bimorphs) were arranaed in tl.ie shape of
—— " a cross with three tactors in each of the four arms aud a single
- 45 tactor at the junction. Tactors were concentrated towards the
outer limits of each arm to provide a clear cue as to the direc-
tionality of the tracking error. The upper and lateral arms of
the display were of equal dimensions, whereas the lower arm wvas
\\______,J compressed to er.iance comfort in wearing the display »n the

' A diagram of the %actual display is given in Figure 2, Thir-
—

chest and abdomen,

The display was coded so that both the number of tactors
excited and the rate at vhich successive tactors vvere stimulated
(the "rinple rate®) provided information related to thec maenitude
of the trackina error. When trackinec error vas bclow a certain
" i threshold level, only the center tactor was stirulated at in-
ALLOWABLE freauent intervals. For laraer errors, two or more tactors were
REGION stimulated in succession, with the interval between successive
tactor stimulations beina inversely proporticnal to the maani-
e tude of the error. The ripple rate, then, cave a sional pro-
portional (within limits) to tracking error, whereas thc number
of tactors stimulated in a sinogle sweep gave a cuantized indi-
cation of maonitude,

whL - 208

A single displav sweep was alwavs initiated at the center
and proceeded outwards along one of the four display arms, Thus,
an additional cue was provided in that the nortion of the anatorv
stimulated by the tactors indicated the directionality of the
“ N signal., 1In order to maximize the abilitv of the pilot to inter-
12 pret information obtained from the tactual displav in a two-axis
tracking situation, signals were presented seauentially, rather
than simultaneously. The penalty for this codina scheme, of
course, was an increase in the effective perceptual delay time.

T

Operation of the tactual disnlay is merhans best visualized
by reference to the timinc diaaram of Fiaure 3, Assume that the
X-axis and Y-axis errors are larae enouah to excite three tactors
in each axis, and assume that the X~-axis error is detected first,
As soon as this error is detected, a 35.3-msec pulse (6 cycles of
a 170 Hz waveform) is generated on the center tactor, An inter-
stimulus-interval (ITI) proportional to the error at sample time
is then generated, followed by stimulation of the second tactor.
Another ITI i{s generated, followed by stimulation of the third
tactor. Presentation of X-axis information is comnleted, and a
grizdetermined auiet interval (the IAI, or inter-axis-interval)

ollows.

FICI'RE 1. G{iaarar of Corbined "rackina and Monitorino Nisnlay
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Durine the IAI, the Y~axis error is samplsd, and the process
remeats itself for the Y-axis information while the X-axis tactors
remain cuiet. If only a single axis is tracked (i.e., if the
error on one axis is insufficient to stimulate two tactors),
successive sweeps are cenerated on a single display axis. In
this case, the inter-eweep dwell periocd is autamatically extended.

Independent inputs to the display contrel unit allowed
individual control of the nurber of tactors stimulated as well
as of the ripple rate. Thus, some flexibility was available in
deterrining the relationshipr between tracking error and the
various codinc dimensions, A single such relationship was used
durinc the course of the formal experiments.

The tactual disvlay operated in a sasmple-and-hold fashion;
the veriod of the sweep alona a aiven axis was determined by the
error sample obtained prior to the initiation of the sweep.
Because X- and Y-axis information was presented seaquertially,
the “disrlay period® (i.e., the time between initiations of
successive presentations on a given axis) was a function of
the error samnles obtained from both axes,

Figure 4 shows the relationship between display reriod
and tracking error for both one-axis and two-axis tracking
situatjons. (Emual % and Y errors arc assumed for the two-
axis case.) The discontinuities in the curves occur at values
of trackino error where an additional tactor is stimulated,
Because of the areater inter-sweep dwell time for the l-axis
situation, the two-axis display periods are less than double
the one-axis periods for a given trackine error.

In order to maxiwmize transfer of learning between visual
an¢ tactual disnlavs, tactual stimula’ ion corresponded as closely
as rossible to rotiocns of the artificial horizon. Accordingly, a
nose-down attitude produced an upward ripple of the tactors, and
a roll-left attitude produced a riaht-directed ripple,

fuaentiaed Viepual “isrleu

* vricval aiglce of the tactual cisrlay vas usec to dis-
titcuish rerferrarec ecradations associated with the tactual
sensorv mode fror cecradations associated with the particular
codine scheme. This display consisted of an arrav of thirteen
liaght-emittino diodes (LED) arrangsed in an X-Y pattern., The
codina for this display was identical to that of the tactual
displav; thus, stirulation of a oiven LED corresponded to
stimulation of a varticular tactor.
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Analysis Procedures

Data analysis was performed in order to provide quanti-
tative descriptions of trackine efficiencv with recard ¢to specific
tasks explored in this study and to sllow the cesults to be extra-
polated to other £] shte-control situstions. Prinary data reduction
yvyielded standaré mecsures of systan performence and pilot behavior
for bnth the tracking and sonitoring tasks. The reduced data were
then corpared with the outputs of the state-variable pilot/vehicle
nodel developed at BB {18, 19], A model-adjustwent vrocedure
allcwed the pilot-display interaction to be characterized in
terms of pilot-related model parameters so that predictions of
system performance in other tasks could then be obtained.

Primary Date Reduction

Mean-sauared tracking error ané mesn-sawared control effort
were computed both durime trainina and during the formal dat>
sessions., In addition, means and standard deviations for t: .se
variables were computed from he formal data. fThese (and all
other) performance mesgsures were computen from appreximately
the middle 200 seoonds of each 4-mimute rum, .

Amplitude density functiomns were computed from selected
tire histories of tracking error and oontrol input. Each such
density function was normalized with respect to its mean and
standard deviation to facilitate comparieson with the normalized
Gaussian density functionm,

Fast-Fourier transform techniques facilitated computation
of power spectral demsity functions of error and comstrol sionals.
Each "spectrum® so copputed was separated into two corponents:

(a) a portion linearlyv correlated with the external input dis-
turbance, and (b) a "remnant-related® component associated with
stochastic pilot response behavior not iimearlv related to the
input. The input-corrslated portioms of error and control srectra
were used in the computation of pilot describing fumctions; roth
input~-correlated and remnant-related corponents of control spectra
were used in the model-rmatchine procedure.

Relative levels of remnant-related and imput-correlated
power provided an indication of measurement reliabilitv., If the
estimated input-correlated error and comtrol power were not both
at least 4 dB greater then corresrondinc estimates of remnant-
related power, frenuencv-domain messures computed at this fre-
guency were considered ‘nsufficiently relisble for model esnalysis,



~“he freuencv=cdorain analvsis technioues described above
are sirilar to those ernloved in previous studies and are described
in arcater detail in [20, 21).

A rerformance score was obtained for the monitorine task
vhich vielded a aumher nrorortional to the fraction of time that
the rilot’s resronsc button was not in the annropriate state.
The corbined state of the stirulus meters was continuouslv moni-
tored ("irn® if Loth meter indications were in the allowable
recion, "out® if not), as was the instantanecus state of the

uhiject's resrorse button. Pn inteorator was charced whenever
the resnonse was irarrrooriate. Only a sinqgle performance
rcasure for tic total search task was obtained; no attempt was
rade to distinauash letwren the various tvpes and sources of
ToRltuzlnG error.

LNe . rRa

A N

In order to relate the rilot-displav interaction to rele-
vant rilot narareters, the trackina rerforrance measures described
al.ove were corpared with theoretical results from “he state-
varial.le (or "ortimal-control®) rilot/vehicle model. As this
rodel has Leen well docurented an the literature [18, 19), no
detailed descrirtion is eiven in this peper, Ve shall, however,
brieflv review the riloterelated parameters of this podel.

Three clasces of model narareters characterize pilnt
lir itations 1n laloratorv trackina situations. Tirst, an effec~
tive transrort laac (i.e., "tire delav") is associated with each
rercerzual varianle., Current irolementation of the model reauires
* sinrle value for all such delays, Tynical values ranae from 0,15
s G.2 seconds,

fecond, a "notor time constant® is associated with each
control variatle. Tvrpicel values ranace from ahout 0.08 to 0,10
for laboratorv tasks,

Finally, one or more variahles related to vilot remnant are
requirec, Pilot remnant is accounted for in the model by a set
of white-noise cisturbances added to each sensorvy variable used
v the -1lot li.e., "observation noise®™). In addition, noise
rav also be considered to be added directly to the nilot's control
{(i.e., "rotor noise®).

In situations usino icealized display and controls with
ortirallr-selected displav and control cains, each observation
noise rsariance tends to scale with the variance of tho associated
displav auantitv {22]. The constant of rroportionalitv is avproxi-
matelv the sare fcor all innuts derived from a sinole displav indi-
cator (trpicallv, indicator displacement and rate). In this case,
rilot remnant can e related to an effective "ohscrvation noise/
ejianal ratic"™, TIrrerirental evidcrce suagests that this ratio

varies inverscxy with the arount of attention vaid %o the mk
{20, 23}, A value of 0,01z (i.,e,, =20 8B} is a tvrical chserva-
tion noise/sicnal ratic for single-variable laboratofy trackinc
taske usino stable vehicle dvnamics.

nisplaverelated sources of pilot rermnant can be included
to account for sensory threshold and resolution liritations in
non-idealized di=rlay situations . {21, 24, 25}, Tvrical values
of effective "thresholiis® for continuous CPT rrcscntations are
0.05 dearces visual arce for indicater faerloeerert ar =7 Soere -
recond viqu.* ore Tev infieitoy - ool ®

“otor noise has usuelly been found to contriputs rristivelw
little to pilot remnant and svster error and has heen includeéd
mainlv to reflect the rilot's irrerfect knowledre of his control
inputs, 2 twvpical value for motor noise/siernal ratio is -25 4P,

% 3. CXPEPIFENTAL RESKLYS
a Initfal Trainire
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Prior to the first formal cata sersion, the subjccts were
aiven considerable practice on the sirulated nitch and roll
trackino tasks déserilhed in Séction 2, Thev were trained first
with the continuous visual dieplav to facilitate rarid learnina
of the system dvnarics. tach subject recéived about thirtv
4=minute trials with the visual displav, which was encuwoh

. trainine to vield reasonahly stalkle nerformance scores on tie

order of what we had exrected from nast levels, of nilot perfor-
mance. Trainino then cormenced with the tactual disolav, :

Each subject received over 100 trainino trials with the
various tactual dismlav ceometries and codine scheres cxrlored
in this studv., On the basis of mean-smuared error scores ohtained
during this rhase of the nrooram, the aqeosretrv and codine described
in Seetion 2 were adorted for the rerainder of the cxnerirerntal
program,

Althouah the enbjectc were trained wainlv on the corthined
nitch/roll task, thev also received trainina on cach cornonent
task individuallv, #ubjects were instructed to minimize rean-
souared trackine error whem trackino' a sinole axis and to winirize
the sum of the mean-s ritch and roll errors vhen trackine
two axes. Performance stores vere remorted after each trasipinc
trial. Training was continued until petforrsnee under cach condi-
tion avreared to reach a reasonablv stable lewc .

"Threshold-11lke e?fcifs‘are handléd hv a atatistical linearization

procedure. The cbservation noise variance associated with a aiven

display variable is incremented whenever the rredicted ros sicnal
level fails to be large relative to the assume@ threshold. Tie
noise-adjustment nyocedure is described in {24]. "



txperirent 1: Tactual Trackinn ferforrance ﬁ‘%

The prirare oliective of the first formal exmeriment was to %
cuantifv the interaction hetween the pilot and the tactual displav
in terrs of pilot-related rodel parameters. A secondarv objective
was to nrovide a corrarison of tactual trackine mnerformance to per-
forrance vith 2 continuous visual disclav, ﬁ

Lrrepieantal

~rA{Lirne ‘ o "g‘s 2-.

The sirulated attitude-recilation task vas verformed m o

alternatelv vith the tactual and continuous visual disnlavs. . >
Performance rcasures werc obtained for each axis tracked separa- Of poms "

telv as vell as for the coebined riten/roll task.,

T™wo levels of input amrlitude were emploved for tactual
trackine so that disnlav-relatcd threshold effects could be
~uantified, UDecausc of the larce nerforrance scores obtained
witn the tactual disrlav, input arnlitudes usecd with this disrnlav

verc lover than the level usecd vith the visual displav,

The various conditions exrlored in this experiment are
listed in Table 1. Inrut arrlitudes arc shown relative to the
arrlitudée useé with the visuzl ¢isnlav. To the extent nossible,
the various tasks verc nresented in a bhalanced order.

Tahle 1

(Machine Units)
-4 .
("]

Conditions Fxrlored in Fxmeriment 1

0.1

ERROR STANDARD DEVIATION

{ =T —asks 7'o. Replications
! : rel. Innunt Per Condition

1 nisriav . (PaPitch,RePoll) Arnlitade Per Subject
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i visual ' ", R, 1. 2
3

Tactual », B, : : . 0.
P+ .25 3 RELATIVE INPUT AMPLITUDE

, Tactual . », B,

(-]

w0

- I
.
w

ekl Sy pfopronee

rverace standard dceviation (SpD) scores for tracking error
are shovn in Ficurc 5. (Mean errors were nealicihle, for the
rost rart, and arc not shown here.) The rerforrmance scores shown
in *ce ficure andé thrrunhcut the rarer are civen in terms of
analcee 7 aclkire units, Ore wachine unit of ervor corresponds to
2 om verticzl deflection of the visual error prescntation for

ritch an< alout 50° rotation for roll. One unit of control PIGURE 5. Effect of Inp Amy
Lffort rerprescnts approximatelv 7.7 nowtons cf force. ' (Avetac: of ‘l'ﬂ: sub;:::‘:; !on Error Sb Scores



As exrected from considerations of the displ:v codine scheme,
tactual trackina perforrance was considerably less efficient than
rerformance vith the visual display, When corrected for differen-
ces in input arrlitude, the sinale-axis tactual scores were found
to be about 3,5 times as large as the visual scores. Alsc &s
expected, the scores associated with the tactual display 4id not
vary oronortiona.lv vith input amplitude, Extrapolation to zero
input viclds a (positive) non-zero error score, which su.cests
the presence of threshold-like effects,

No significant inter-axis interference effects were found
with the visual display. The l-axis and 2-axis pitch error
scores were virtuallv identical; the small increment (about 15%)
associated with the 2-avig roll score was not found to be statine
tically =ianificant.*

Interference effects with the tactual display were larger,
more consistent, and statistically significant, Two~axis standard
deviations were about 35% greater for both pitch and roll. This
relative diffgrence was unaffected by input amplitude. As shown
later in the paper, a good portion of the interference effects
seen with the taciual display can be nredicted from analysis of
the coding scheme,

Use of the ~.ctual displav resulted in pulse-like control
inputs, whereags . visual display allowed continuous=lookina
control activitv. " +th subjects commented that the pulse-like
behavior reflecte. ‘walt-and-see" strategy that was dictated
bv the relativel; ouna time delay associated with the tactual
presentation.

Samnle time histories of error and control signals in a
2-axis training session are shcwn in Fiqure 6. Control pulses
were applied singly and in burstes at irreaular intervals,
Pulses within a sinale burst were separated by about 0,4
seconds, and intervals between bursts of activity with a
aiven control input ranced up to 5 seconds, Pigure 6 shows
that the pitch and roll tasks were controlled secuentially.

Since the pilot/vehicle model used in this study is
predicated on Gaussian tracking variables, amplitude density
distributions were ob' .ined for selected time histories to
determine the extent .o which this assumption was violated.
Time histories for error and control (one per subject) were
aralyzed for the l-axis, larger~-input, pitch tracking task
with tactual displav, As expected, the control amplitude~
density curves were highly non-Gaussian and had large peaks
associated with zero control activity. The error amplitude
dengities, however, were much more nearly Gaussian in
appearance.

"Statistical significance was tested by analysis-of-varianze,
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Because of the non-Caussian nilot response activity, the
pilot/vehicle model must be applied with caution. Clearly,
one cannot expect to obtain accurate predictions of detailed
control behavior. 1It is possible, neverthrless, that reliable
prredictions of tracking error can be obtained, once the model
parameters have been "calibrated” to account for the interaction
between the pilot and the tactual display.

Model Analyeis

Model analys’ - was undartaken with the following two
objectives in mind: (1) obtain a representation of pilot-
display interaction in terms of pilot-related model parameters,
and (2) demonstrate the utility of the nilot/vehicle model i.,
predicting svstem performance w.th the tactual displav., Except
for an iiitial calibration of displav-related parameters, emphasis
was on rr2dicting, rather than matehing, experimental results,

vle adopted the followine strategy for odel analvsis:

1. Match the exprerimental measurements obtajined for
the single-axis nitch task with the visual d‘splay
in order to determine pilot time delav, motor time
constant, and obhservation noise/siqgnal racio,

2., Match the data from the sinale-axis, large-input
piteh task with the tactual disrlav in order to
determine the choncers in riloterelated rarareters
recuairec *c account for the rilot's interaction
vith the tactual disnlav,

3. Usc the rararcter values determined above to
nredict the cffects of input armnlitude, multiple~
tasks, and svstem dvnarics on system performance,

Data-fittinc was performed by an informal gear.h of the
model-parameter snace ancd was terminated when visual inspection
rcvealed a "qood” match between model outputs and experimental
measurerents. In ceneral, error and control scores were ratched
to withia 10 percent, and nilot describine functions and control
spectra were patched ithin 2 or 3 dB, All data used for compa~
rison with model results represents averace performance of the
tW7o test subjects.

An acceptable match to sinale-axis pitch performance was
obtained with a time delay of 0,2 seconds, a motor time constant
of about 0.11 seconds, an observation noise/signal ratio of
approximately -21.5 dR, and a motor noise ra<io of about =25 4B,
These parameter values are consistent with nrevious analysis of
single-variable laborator' tracking tasks (18, 19].

Comparison of experimental freasuency-domain measures with
model results is provided in Fiqure 7. Note that comnariscns
are shown for bhoth the input-currelated and remnant~related
components of the control spectrum,

llavina aquantifjed the pilot-related parameters on the
basis of visual track.iag, we then attempted tc predict differences
between visual and tactual tracking performance from an analvsis
of the tactual displav pronerties alone. 8ince a minimum trackina
error of 0,1 units was reauired to generate a secuence of two or
more tactors, an effecti're threshold of 0.1 unit was agsumcd for
perception of error displicement, An essentially infinite
threshold was specified for error rate on the assumption that
the sample-and=hold type of cedino scheme nrogrammed for the
tactual display would prohibit the direct percention of useful
rate information,

Perceptual time delav was incremented tc account for the
delay imposed by the tactual ceding scheme. The size of the
increment had to be reccmputed for each experimental condition
because of the dependent relationship between disnlav-related
time delay and trackinua error. The display period associated
with the error 8D score was taken as & rough estimate of the
1equired increment and was determined from the ampropriate
timing curve of Fiocure 4,

An incremental time delay of approximately 0.45 seconds
was derived for the single-axis, large-input pitch task, Tnis
increment was added to the 0,2 seconds determined from the
visual trackina data to yield a combined pilot-displav time
delay of 0,65 seconds.

Values for motor time constant and noise/signal ratios
derived from the visual tracking experiments, alona with the
revised computations of time delay and perceptual thragholds,
alloved a tentative prediction of tactuval trackino performance.
These predictions did not provide a satisfactorv match to the
data, however. Only slightly over half of the differen.e between
visual and tactual errors was accounted for, Moreover, the
model predicted a substantially lower control 8D score than
was actually measured for the ts :tual display. We found,
however, that an increase 'n motor noise/signal ratio to
abouc =-14,5 dP allowed both error and contrel SD scores to
be matched to within 10%, As the reader can judge from
Pigure 8, a good match to the frequency-dowmain measures was
1lsc obtained. Apparently, the unexpectedly large value of
mntor noise was needed to account for the way in which pulse=-
like control bahavior influenced the measurcments,
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£xcert as noted helow, model narameter valwnes determined
in this calilration effort were used to nreuict the effects on
svster perforrance of (a) a change in input armrlitude, (b) the
acdition of a second aris of tracking, and (¢) the effects of
chancino the vel:icle évnaries fror ritch to roll, Time delav
1r-as recorrnted in each case, and the cffocts of central attention~
sharina in the tvo-axis taek were rerresented by a douhlina of the
obscrvation noise/signal rati~ (sec Refs, 20, 21), Parameter
values used in ohtairine these rroiictions, as well as thoe: used
in the rrecedire caijirratien cffores, are showvn in Tahle 2,

~akle 2

“alucs fer Pilot-Pelated “odel Parareters

Parareter Values
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A comparison of predicted and measured errcr and comtrol 8D
scores is provided in Pigure 9. Except for the leaxis, larcer-
input pitech scores, all! model resulte are true predictions; para~
T“" :oluu have not .aen readjusted to provide the best ratch

n each case.

As expected, the SN scores for tracking error were pre-
dicted more ascurately than the scores for econtrol effert,
Performance measures for the low-input, l-axis pitch task were
predicted most closely:; the difference between oredicted and
measured 8D ascores for trackine error was negligihle, and a oood
m;tel: :: the frecuancy-domain messures (not shown here) vas
obtained,

The model accountsd for about half of the increment in the
pitch errer score when the roll task was added, with a resultine
matching error of about 188, On the other hand, the model failed
to account for the chserved increase in control score. Cowparison
of the measured and predicted control spectrs shown in Fiaure 10
Suggests that the mismatch results from an under-prediction of
the increase in controller remnant. The accurate orediction of
the nilot deseribina funetion -~ particularly the shase-shift
behavior —~ indicates that a ressonable arproximation was made
to the effective time delav imposed bv the tactual display.

The l-axis roll error score was praedicted to within about
108 of its measured value. Inspection of the frenuvency~-domain
results (not shown here) indicates that modellinc errors stemmed
primarilv froem s too-high prediction of remnant=-related control
pover.,

Experiment 2: Comparisen of Tactual and Ouantized Yisual Displays
The second formal experiment was desioned to determine the
extent to which the subatantial nerformsnce decrement asgociated
with the tactual displav could he attributed to the codinn scheme
iteelf, Perforvance scorss obtained with the tactual disnlav
vere ccmpared with those obtained with the auantized visual
display described oarlier., One~ and two-axis riteh and roll
performance was explored, Vehicle and input dynamics were
identical to these used in the first expariment, and a sinale
level of input smplitude (relative amnlitude of 0,5) was used,

Average error and control 8D scores are cross-rlotted for
the two Gieplays in Pigure 11, With one exoeption, performance
Scores chtained with the owantized visual display differed by
lese than 10% from correspondinc measures obtained with the
tactual display, Bince these performance measures showed no
apparent differences between displavs, further analvsis of the
data ohtained with the auantized visual displav was considered
to be redundant and, thercfore, unnecessacy,
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On the kasis of the resules shown in Figure 1l we conclude
that the degradation in tracking rerformance associated with the
tactual disrlav wag due nrirarilv tc the codina scheme ané® not
to the use of the tactual sensorv mode ner 8@, Ve Fo not rule
out the nosgibilitv that such effacts vere rrercnt - aseertinc

onlv that thev vere small compared to the effects of the codine
schere,

Experirent 2: Cortined Trackina and Visual “onitorine

The visual monitorine tamk described in Section 2 war
corhinec with a trackine task in order to determrine the rotential
effectivencss of tactual disrnlavs in multi=-tasl sjtuations that
imnose a hiah visual ascanninm workload. The trackinc task vas
mnodified to provide a lower=handwicth tagsk of the tvre to vhich
a tactual diaplav miaht reasonablv he arnlied in rractice, In
order that we could explore a sinale gource of tas!" interfcrence -
narelv, interference between tracking and moritorine — a rincrlec -
axis trackinc task vas ernloved, .

The rolle-axis task was elirinated, and the gimuleted ritch
dynarics used in the orevious exreriments were rocdified as follows:
(a) the natural freouency of the second-ordey filter was reducer
from G to 1 rad/sec, and (b) the zero in vehicle transfer “uncticr
was elirinated. The disturbance input war the gere or uced in
nrevious exrveriments and was added in na-allel with the nilot's
control input, One of the tesi suhjec: = the forrer "avv rilot -
componted that the revised gvstem hehavior was sipilar to the
response of the ancle-of-attack indicator to cnntrol inmuts durinc
carrier arproach. In order to reduce the disparitv between
tactual and visual tracking error sceores, the input amplitude

used for tactual tracking was 1/3 of that used for visual
tracking.

The subjects were trained on the followina five tasks:
{a) monitering only, (b) tracking=only with the continuous
visual display, (c) tracking-only with the tactuai disrlay,
(d) combined monitoring and trackina with the visual dianlav,
and (e) combined monitoring and tracking with the tactual
display. Each subject received a minimum of 1% trials on each
task, which appeared to be sufficient trainine to yield near-
asymptotic levels of performance in the varicus tasks.

Tracking and monitorine scores are shown in Fioure 12
for single- and combined-task situations., Trackino scores arc
given in terms of mean-squared error in machire units (1 machinc
unit = 2 em {ndicator displacement); monitorira scores are in
termg of fraction-of-time of incorrect response, civided bv §
to make the monitoring score numerically comrarable to the
tracking score.
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Although visual tracking scores were consistentlv lower
than corresponding tactual trackina scores, the interference of
the monitoring task with tracking performance was consicerablv
less when the tactual display was used. Single-tas) and

" combined-task tactual tracking scores 2iffered on the averace

by about 12% = a difference that was not found by an analysis
of variance to be statistically significant. The combined-task
visual tracking score, on the other hand, was over three times
as great as the sinale-task score, This difterence was found
to be statistically significant at the 0,001 level,

Interference in the reverse direction was also 3tatistically
significant; that is, the monitorina score increased significantly
in the presence of the trackina task, The increase in score vas
about 35% (sionificant at the 0,01 level) and was the srme whether
the tactual or the vigual disrlay was used in the concurrent
tracking task.

4, CONCLUSINNS

An experimental proorar war ccnducted to evaluate the
suitability of a tactual display for ajircraft flicht control.
The tactual disnlav wae confiaured in an X-Y format, and
tracking error was indicated bhoth hv the number of vibrotactors
excited in a sevuence and bv the rate at which succesasiv: tac~
tors were excited, Trackine performance was ohserved in simula=-
tions of high-bandwidth and low-bandwidth aircraft dvnamicas, and
comhined tracking and visuale-monitorinoc tasks were performed.

The experimental results lead to the followina conclusions:

1. Interference between a trackino task and a vigual
monitoring task is considerably reduced when the
tactual trackino display replaces a continuous
visual trackina display.

2. Tracking errors oktained with the tactual display
used in this study are substantially oreater than
errors ohtained with a continuons visual disrlay
in a similar flightecontrol situation. Differences
between l-axis and 2-axis tracking nerformance are
also greater for the tactual display.

3. Prerformance dearadation of the tactual displav is
due primarilv to the ~~dino scheme adonted in this
study — not to the u 4 of the tactual sensorv mode
itﬂelf.



4., Trackina errors are corrected hv intermittent pulse~
1ikec control inputs when the tactual display is used,
arparentlv hecause of the larae effective time lag
imposed v the codine scheme,

5. The state-variable model for nilot/vehicle svstems
can be used to ohtain reasonakly accurate rredictions
nf trackine error scores when the vehicle dynamics
arc widse=rand, despite non-faussian pilot response
nchavier. Once the nilot-related model parareters
have lecn adiusted to reflect the rilot-dir -lay
interaction, the effcct of chanees in various
asrects of the systerm configuration mav he pre-
dicted.

brelirinary results sucaest that the varticular coding
schere used in this study has ‘ulfilled our oriainal expectations,
At the cost of derraded single-task tracking performance, a tace
tual display has reen designed which appears to allow relatively
little interference hetween tracking and visual monitoring tasks,
The nuestion rerains: can an alternative coding schere be devised
which rrovides irrroved sinale-task perforrance vhile raintainina
rinir ar interference effects?

Tactual codinr acheres that are mare akin to simple intensity-
cocinr have Peen found to rrovide sunerior sinogle-task trackina
efficicnev,. To our knowledae, hovever, such displays have not
been shown to te effective in rulti-task situations, Accordinalv,
we recormend that alternative codince schemes be exrlored in order
to arrive at & tactual disrlav desion which best fulfills the
*win ol jectives nf qood sincrle-task performance and minimum task
1~terference,
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THE DBSIGN AND EVALUATION OF AN AURAL STALL
WARMING SYSTEM (ASWS)

by

Professor Michasl H. Redlin
Lievtenant P. E. Mullowney

The Aural Stall Warning System (ASWE) addresses
itgelf to the preventiou of stall and the resulting
spin of high performance aircraft. Utilizing a dis-
tinctive yet simple aural disp’ay format, the ASWS
not only warns the pilot of impending stail but also
provides sccurate angle of attack information in the
high angle of attack region where visual presentation
has heretcfore proven to he inadequate. 8mall, iight-
weight ASWS8 prototypes have been designed, fabricated
and evaluated in a laboratory emvironment and in the
Air Combat Maneuvering (AcM) arena in the Differential
Maneuvering Simulators located at the NASA Langley
Research Center, Hampton, Virginia, Results obtained
indicate a marked increase in pilot performance while
in the ACM environment and a definite prevention of
stall with the addition of the ASWS.



