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The sdvitag of s hexdup udiory diply for ol st e
cvlused it expeimentdo: ind compare the acquisi
m tme for captoing viual trges ances o coadions: ssndard nead.
down T Aler and Collsion Avetdance System (TCAS) sty and
three-dimensional (3-D) audio TCAS prescntation. (The technology used
for 3-D audio presentation allows a sterco headphone user to potentially

the 3. audio

target acqisition time between the two conditions, favor
TCAS condition by 500 ms.

‘The current implementation of the Traffic Alert and Collision Avoidance
Syvem, (TCAS ) uses both adi ry and viswal dlspllys ofinformation o
supply flight crews with re: ation about ircraft (Air
Transpont Associacon FlightSysiems Inegration Commitee, 1989, Hou.
ever, the visual Gsplay i th only component 0 comvey spatal information
‘about surrounding aircraft, whereas the auditory component conveys no
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spatial information and is generally used to bring attention to the visusl
display.
Within tsstandard implementation, tree categories of visual-aural alerts

tionary alert, is a traffic advisory (TA). The threshold for activating a TA is
a potential conflict within 40 sec; an amber-illed circle is generated on a
aming consisting of a single cycle of
the spoken words, “TRAFFIC-TRAFFIC,” is given. The third category, a
visual-aural warning alert, performs as a resolution advisory (RA). The
RAis a potential conflict within 20 sec 1o 25 sec;
a red-flled square is generated on a visual map display, and an auditory
nunciating the appropriate evasive action necessary (e.g..
“CLIMB-CLIMB-CLIMB") is given.
Chappell et al. (1989) evaluated the effectiveness of TCAS during a
Three T i

cach involving a different level of visual-aural information abou the loca-
tion of conflicting aircraft. In addition, a non-TCAS condition was evaluated
in which only spoken traffic advisories from air traffic controllers (ATC)
were used. Their measure of performance focused on the time to make an
cvasive mancuve i response 0 a TCAS RA. The fndings suggested that,
Hhough e T
icant benefit is gain et in increasing the complexity of the TCAS display
itself. Specifically, no advantage was found in providing pilots with a head-
down planform display of waffic information. Perrott, Sadralodabai, Saberi
and Strybel (1991) found that adding spatial auditory information can signif-
icantly reduce the acquisition time necessary to locate and identify a visual

S red-filed square.
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target. They used a ick train from a speaker that was either spatially
correlated or uncorrelated to a target light. The results showed that spatially
oAy e from an auditory source substantially reduced visual
i (between 175 and 1,200 ms).

i xperiment by Sorkin, Wightman, Kister and Elvers (1989) local-
izaon accuacy ather than trge scuisitiontime wasstdicd i o si-
lated cockpit environment. A magnetic head or
uncorelated with 1 3-D audi displaytht ‘conesponded 10 ihe loations of

i

tion was improved when head movement was correlated with e me
display but that elevation localization was no better than chance.

Begault (1993) evaluated the effectiveness of a 3-D, head-up, auditory
TCAS di

and spatialized using 3-D sound techniques.
ton was lsked o the g Iocnmn, bt the spatilizedaudio simal were
cxaggerted by  fcor of e ual angle to faci
e hed movement in the uraly gmd:d isue seareh (e.g. 8 visual arge
at 10° azimuth would correspond o a spatialized stimulus at 30° azimuth).
Results of the study found a significant reduction in acquisition time when
using spatialized sound (4.7 sec vs. 2.5 sec). In the current experiment, 3-D.
sound was also used for aurally guided visual search but the cxaggeration
facorwas oo ncluded
study, we evaluated the feasibility of using either a head-down visual
iplay (sandard TCAS) or & head-up audio dislay (D TCAS) Two groups
consisting of five crews were evaluated during a full-mission simulation. It was
isition time and the
umber of argets acquired might occur between the two conditions.

METHOD

Participants

“Ten two-person flight crews served as participants for this study. Crews were
rplane pilots employed by a major U.S. air carrier and were

747-400). Eachcrew member was pid a ominal amous for pariipating
Bermase il e bt s medien seniene. (o y had bee

previouly ceatuated for normal hesrng within the st year (st oficers)
or six months (captains) by company and Federal Aviation Agency medical
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Experimental Design

ach comprising five two-person crews, were evaluated in a
fioose “eubjects design. The standard TCAS group used an audio-visual
system approximating the standard TCAS system currently implemented in
U reial air carriers. This consisted of an audio TA presented via an
overhead speaker and a standard TCAS head-down map display. The 3-D

s ind processed

version of the audio portion of the TA but were not supplied with any visual
system information. The perccived direction of the 3-D auditory advisory
was adjusted to correspond to the azimth of the target outside the window.

The 10 crews were assigned randomly to cither the standard TCAS or the
3:D TCAS group. The dependent variables were (0 the time ntervalbe-
tween
1nd the veroal response from a crew mesmber ndicadng scqlstion il
tage d ) the mamber of gt sguired

w members were instructed (o call out verbally when they h

vmnlly acquird the airraf outside tbe window (s conitent waerace,
"Gt . Calealton of equisition ime Ghe ifference between th tme
the visual target was generated and \be beginning o the verbal aierance)

el tme code

computer that et the visal et ad he vercl
the.

flight sogment. The gy ape st was marked dighally fom the scenario

computera the ime a vsual target was activated becausethe ou he-win:

dow view could not be seen in the video. An unbiased rescarc} r

e ideo tape 0 the poins s which the first verbl uerance rom cines he

il or s offo o mm b beard 1t s e VITC i code for
vation

h
vzlne o deermine th couisiion me for bt paricula targt. The acc
of determining the beginning of the verbal utterance was within two
Each verbal the count for the
number of targets acquired. Target acquisition times and the number of
targets acquired were also categorized according to whether the target was.
visible 1o both or t0 only one crew member

Stimuli
A total of 24 targets were presented to the crews for evaluation during the

cruise phase of the flight. Six additional targets were included as “dummy”
targets to provide a realistic context for the TCAS system in the vicinity of
fig!

part of the
required to respond in the same manner as to the other targets). The reason



3D AUDIOTCAS DISPLAYS 83

these 6 targets were not analyzed was the expectation of a relatively high
amoun o vaisilly between crovs duing takeoff and landing phases of
flight (e.g., workl raffic control communications). Also, i the vicin-
s Gt ot duringhe cruse phas of igh, simlated city
e, making the out-the-window scene difficult to control
and contrast ratios between modeled

irport data and the targets would otheruise be an uncontrolled variable in
scquisitonne; crews ‘approach aiports in a slightly different manner and

" order 10 ssure that ach trge had o comsistntsize all targets were
fixed at a 3- o rom the icraf.This madethe aret sppr 53
iching do of igh similar 0 tha sc6 out o the cockpi real
aircraft. However, the target did not change size from e perspecuvc of the
paricipat,becase fo posiion was ahuays lnked to the posiion of the

visually appeared to remain at a fixed
itance and fdenticl specd 10 the it i wi o 1o okciamie
‘movement of the target as a variable and to eliminate differences between
crews as a function of movement of the aircraft.

“The guthe-vindow poitons of e argets formed a 3 x § matrix (see
Figure 2). Elevi e targes wererandonly asigned witin the tree
visualamles: S rgeta 3 5000 abovete il ship 50
-10°, 10,227, 37°, and 50° azimuth; 14 targets at the same v s
ot the e sevaton s the it i mdSIll’geu atthe same relative.
avimuth but at 3,000 1 below the pilos”

For the standard TCAS condition. s computer generated four 0 six mov-
ing symbols depicting proximate aircraft. The symbols appearcd at pscudo-
random positions and were presented on the TCAS map display. One of the.
symbols would be clevated to advisory status for target acquisition evalua-
tion, and the remaining symbols would eventually vector off the display.

Available Field of View

A subsantia limitaion inherent in al flight simulators s the availsble
outthe-window fied of view for cach pilot. The simulaor uscd in this

Link-Miles Image II visual system. This sy
scrcen display. Bch channel contained 3 dm:m: display of visual informa-
tion relevant to the scenario; the two center screens in the simulator
displayed an identical visual scene from one channcl withone sereen visile
by cach pilor. The cener channel sreen allowsd ach pilt  field ofview
exending to pproximately £25° szimuth, In addiion two side sreensfed
 the other two channels gave cach piot & unique sde field of view et
O ied s v 1kd of view 1o approximately £52° gimath
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FIGURE 2. The v clvaions 1d i of the 24 trges wed o he
experiment, The number indicaes he frequency of occurrence;the squars indicate
s vl o borhcm mermbers.

Figue 3 shows the aviabe fisld. o view fo the capuin, te frs

From 25° (0 52° was availabe 1o nnly ane crow member, whereas the ared
between £25° was available to both crew members.

Figure 4 shows the vertical field of view. The immediate range is from
approximately ~13° to +16°, but can extend from ~18° t0 +20° with head and.
body adjustments. For reference, the visible range of a target at 3 miles s
shown in i in feet)

3-D Sound Processing

‘The aural alert consisted of a nonspecch preadvisory and a voiced “TRAF-
FIC-TRAFFIC" advisory similar to that used in normal TCAS systems. The
preadvisory consisted of two brief (66 ms) complex tones (labeled BIP-BIP

i adding
giving the
overall composite a rapid amplitude envelope rise time to favor the convey-
ance of spatial information. Because of the rich harmonic structure, it could
be played at a level approximately 10 dB below the specch alert and still be
noticeable. The TCAS speech alert (Iabeled TRAFFIC-TRAFFIC in Figure
) was digitlly recorded by @ mle speaker ina soundyroof bosh uing an

The ot duratio of b serrrns 126406, 1) o 0 preadvisor
85-ms silent nterval, 462 ms for the word “TRAFFIC™. 3 150-ms sient
inerel nd ncthr 462-ms “TRAFFIC" s Figure ). Thia reconding was
transferred to a desktop computer using audio recording software and hard-

wareat a sampling rat of S0 k. Noxt the aurl let s convalved with
head-related transfer function (HRTF) measurement
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3-D audio alert
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IRTF convolution is a filtering method for imposing 3-D audio cues on
aninput sound source. Simply put, the effect of the pinna and head shadow-
ing (or equivalent simulation of these effects by HRTF convolution) results
in perceptually significant cues for auditory spatial location. These cues can
be captured and then subsequently manipulated by the esigner of an audi-
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tory display. (Additional information on 3-D audio techniques for auditory
displays can be found in Begault, 1994; Blavert, 1983; and Wenzel, 1992
3-D audio methods related specifically to acronautical applications are dis-
cussed in Begault & Wenzel, 1992, and Doll, Gerth, Engelman, & Folds,
1986).

ral set was convolved with HRTF mesrements o simulte 12
spaia audiory posiions: left 15° ind 60° azimuth, 0° elevation
o h iua aget t ey Ievelclevsion. <107, 32037 snd 50
azimuth, respectively); the same azimuths at S4° elevation (for the visusl
targets at 3,000 fi above eye level, at approximately 15° clevation); and the
same azimuths at ~36° clevation (for the visual argets at 3,000 ft below eye
level,atappoximatly 15" clevation). Postions forright 15 30" 45 and
the output channels at playback,
esuling in s toa of 4 sailale spataized poshions (8 for cach azmuth,
as shown in Figure 3). The clevation cues were exaggerated relative (o the
sctul visia posions, becaus peychoscostc evidence suggess tat ce-
d i 0 the actual t
i esing throwgh novndividvaized HRTFS (Wenseh Arrds, Kistr,
& Wightman, 1993; Wightman & Kistler, 1989)

e by

‘spplying ormated vesonsof the HRTE messuremcotsad he ars lx
software signal processing package (Longley, 1990). The resulting
naly were then comveried 13 33.3 KHz sample rate n 124 bit, signed,
integer form and subscquently stored in 3 sterco audi sample (Yamana

AMPLITUDE

0 0 w0 0 w0 1000 1200 1400
TIME (ms)

FIGURE 5 Arinemntofthe preslertad i nciion e for TCAS aivis-
ties n the experi
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TX-16W). The stimuli were played back in coordination with the scenario

interface (MIDI) specification. Further information on MIDI and spatial
procesng can be foend in Begault (1994
Ea st (Sennheiser model HME-1410-KA,

‘modified for sterco) that was et for comtont and fidelity. The head-
phone frequency response ranged between 20 Hz and 18 kiz and weighed

o m: cars), allowing ouiside conversa
Playback of th
approximately 74 dB SPL at the car; the fasiecputeiny background
noise was approximately 70 dB (C weighting) measured in the center of the
pit_with an omnidires

o be oo more el hen

flight. The spectrum of the ambient sound was approximately that of white
noise. i engine

Procedure

Trining.  Each rew spent2 aysatthe simalaor, with he e day and

e f the aircraft,the touch
controls, electronic ehecklis, and procedures to b uscd. It also ncluded &
b demomstration of the D audo syt for e ive erews wsing ha
system. ral

e by the 3D audio raffc ale No oher nformation was give 10 the
pillts about the nature of the experiment.

-enario. The two-person crews flew the experimental flights on the
aternoon af the second day. The sxperiment wis conducted dring he

the fourth and final leg ( Airport—
Los Angeles International Airport). The first three legs of the scenario were
considered practice and, therefore, were excluded from the analysis. The 24
targets were designed to oceur at an approximate rate of | every 3 min during
o ¢

the crise pt
Each individual target was activated according to the distance in miles from
the destinaion. Durinthe experiment, il sormal operaions were reals-
cally simulated, including conventional VHF Om tional Rad
(VOR) navigation and with ATC (ground, h
departure, and center). Complete darkness was Sinces, v spguot
‘mately 50 miles visibility throughout the flights. Crews were instructed to
follow their normal company standard operating procedures as closcly as
possible.
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RESULTS

A target was considered to have been acquired if the crew obtained it

were acquired outside this time window and were, therefore, excluded from
the analysis.

ma on the examinmion of scqusiioe tme, o toal of 20 cuters
(acquisition times > 3 SDs) were found. The standard TCAS group had 7
outlies, 2 of these being extreme ouliers (£5 SD%), whereasthe 3.D TCAS
group had 13 outliers, 1 of which was extreme. All outliers greater than 3
SDs were excluded from the analysis. These outliers appeared in a random
‘manner among crews and condition and did not correlate with specific
s,

vay amlysis of vaisnce (ANOVA) wih acquisiion ime s te
dependen sl wes condo nalysis (Condition X View) was
conducted o determine if renant difcences exned between urgets in
the feld s field
of view. The ANOVA revealed a significant main cffect for condition (3-D
vs. standard TCAS groups), F(1, 187) = 1509, p < 0001, as well as a
significant main effect for view, F(1, 187) = 50.37,p < 0001, although there
s o neraction prsent, I, 187176, > 05. hese el e shove
in Figures
An ndAxllonaI ANOVA (Condition x Elevation) s conduted todeer-
u gnificant differences in targe acquisition time for
{argts at the arerafi's clevation versus trgets from above and below (i
those that fellinto the upper or lower horizontal sections of the grid shown
i Figure 2). This analysis also showed a significant main effect for condi-
tion, F(1, 187) = 11.19, p < 001, but no significant main effct for elevation.
X 01,p > 05, o interaction present F(1, 187 05 see

Figure 8.
An additional set of analyses were conducted using the number of targets
‘The mean number o
e Standard TCAY 100p s 194 (5D = 95 wheres themeaa for the 3-D
CAS group was 182 (SD = 95).Ther were w0 sigificen s effct o
Skt s
L F1L219) = 3.65.p <

forclvatic

DISCUSSION

An importan fining rom this experment implie hat he presence of 3
spatial auiory coe cansgnifcaty reduce he time necssary

e i syommtil sty emviomment; he e scqustoon e for
he standard TCAS group was .63 s (S =19, wheteas the mean fo the
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pilots’sip

3.D TCAS group was 2.13 sec (SD = .78). This result s in line with the
studies of Perrott, Saberi, Brown and Strybel (1990) and Perrott et al. (1991),
which found advantages for aurally guided visual search in the cockpit,
using analogous conditions in the laboratory. Although 500 ms may seem to
be a modest improvement, it does suggest that, in an operational setting, an
aural 3-D TCAS display may be desirable in addition (o a standard TCAS
display. This s because pilots can keep their head “out the window" looking
for traffic without needing to move the head downward (0 the planform map
display and then back up. In other words, by accessing an alternative percep-
twal modality—sound—the visual perceptual modality is freed to concen-
trate on other tasks if necessary. In an actual cockpit with 3-D sound added
o the current TCAS system, the pilot flying could use the auditory informa-
tion for immediate head-up search while the pilot not flying could gain
numerical altitude information and verify the direction for the other pilot.
Begault (1993) evaluated 3-D and monaural traffic alerts in a similar
thout use of a head-down map display. In this experiment,
the spatialized positions were exaggerated in relation to the visual display by
a factor of 3. Spatialization of the aural alert resulted in a dec

and the
useful for guided visual search; in other words, aural alerts have greater
potential in human-machine interfaces than to function merely as “attention
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getting” mech h it
azimaths may have contributed lothe faster scquision imes for he 3
display. The mean target a of 2.5 sec (SD = 8) in xq;..n s
experiment vas ctually ity stower dhan that found
=213 sec. SD = 78, suggtng tha exaggeraied audilory sumli are
o pecesary for e"ecnve aurally guided visual search.

Unlike ts, the field of view in the simulator is such that the
e o e ide camot e beyond 25° to the right, and the person
o e ght id cannot e beyond 25" 0 th et So i s possie tat he
spatial auditory cue w ing target positions in a crude
anscend te imtations o the i nlamr environment e if it sounds e
right, the first

He
contexts, search is usually conducted most actively by the pilot not flying,
depending on the context of the phase of flight and the relative urgency of the
TCAS alert. Even if this trade-off feature were not an clement, the spatial

t0 begin visual search. I it is true that the spatial sound cue provides a general
direction for search that is subsequently refined by visual scarch, then the
ditional azimuthal accuracy provided by a head-coupled, -D auditory dis-
play (Sorkin . 1989 i robbly unnecesary
verall, he results presented here must be evaluated provisionaly, particu-
s field

ly

actual spite el
xplortons of uraly guided visua search should coninue 1o be eraaed
under controlled laboratory conditions and then compared (o research u

simlaed ight aperatons. An aditonl hﬂrx not evaluated here is the '

by Strybel, Manligas, and Perrott (1991) - evaosing the ‘minimum audible
movement angle is particularly relevant in this reg:

IMPLICATIONS FOR FURTHER RESEARCH

Because of the need for evaluation under actual flight conditions, our future.
experiments for evaluating a 3-D audio TCAS system will more than likely

involve the ugmeniation of a standard TCAS sysem, s oppased (0 rplac-
g the visual display

the observation by Billings (1991) that a harmonious nup-non of information

In other words 3 o shoud ot mersty aid cluser 0 the visal-smcry
display offered by existing o e b o, honkd conpomens e
i oy i e way (510 b acivied o

visual resources are under heaviest demand).
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An example of how a 3-D audio display would complement the existing
‘TCAS system might be in a situation in which more than one RA or TA is

resource model of Wickens (1992), the di of attention between an
auditory and visual modality for two channels of information is often pre-
ferred to two visual or two auditory channels by themselves. Tasks interfere:
more witheach other (n he sense of “tme-saring” ateniion between the
f to bimodally.
e > sudry ey SHocively wamorms he sl poion of e
TCAS TA (“traffic-traffic”) into a carrier for both spatially and verbally
coded information. In theory, one coud segregate mulipe TCAS cvnts
o er by using the current visual display for
T, rosimae. and oher affic and the 3. o sysiem foronly RA
Acooning 10 the mabploseecurcsmode,tho ccoereacs of an FA aad TA
o oceut n cloe emportsoccesion might b beier nandied by the ikt
with such a system, as opposed o the current system. Future experiments
may show that the 3-D audio TCAS display provides a similar target acqui-
sition time advantage for RAs as for TAs, a situation where the .S-scc
advantage might be most welcome, but this remains (o be seen. In a related
cxperinen, we currently examining a similar 3-D udio display for a
fon avoidance system, for use under low visibility conditions.
o press).

be required to wear sterco on-the-car headsets. The difficulty may be in
breaking old habits associated with the insert carpiece style of headset (..,
the Plantronics M-S0, which has been in use since the mid-1960s), but the
factthat  3-D auditory display can be combined with active noise cancella-
o may b s bon o toe it concerned o o should be conced
ent hearing loss. Provisionally,it s possible o report that most
ilos had no problem wid kpit conversation while using on-the-car
sets in the simulator; a future study will report on the headsct
more detail
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