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ABSTRACT

Mclntire, John Paul. M.S., Department of Psychology, Wright State University, 2007.
Visual Search Performance in a Dynamic Environment with 3D Auditory Cues.

Previous research on aurally-aided visual search has repeatedly shown a significant
reduction in response times when displaying 3D auditory cues. However, the vast
majority of thisresearch has only examined searches for static (non-moving) targetsin
static visual environments. In the present study, visual search performance in both static
and dynamic (moving) visua environmentsis examined with and without virtual 3D
auditory cues. In both static and dynamic environments, and for all observers, visual
search times were significantly reduced when auditory spatial cues were displayed.
Auditory cues provided the largest benefits when the target initially appeared at farther
eccentricities and on the horizontal axis. General practice effects were observed, but 3D
auditory cues were immediately effective with little or no time needed for learning.
Overall, the results suggest a similar and consistent performance benefit offered by 3D

audio for both static and dynamic environments.
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I. INTRODUCTION AND PURPOSE

A primary concern of aircraft and motor vehicle @giers is maintaining spatial
awareness of the environment. Consider the mdéitf factors that a pilot must attend
to during flight, such as altitude, attitude, spesicection, environmental features, or the
presence of other aircraft. In high-workload oess$ful situations like combat or search-
and-rescue missions, the amount of spatial infaondhat demands attention can easily
become overwhelming. The traditional method of idegalvith this issue has been to
provide an operator with additional visual displéyg., heads-up displays or HUDs) that
present spatial information about the distanceation, or altitude of other aircratft,
targets, or terrain. The problem with this stratesgthat it often taxes an already heavily
burdened visual system, increasing fatigue and wadk which can harm situational
awareness and operator effectiveness.

Recent advances in auditory display technology maaée the auditory channel
an attractive option for the display of spatiabimhation, thereby relieving some of the
burden placed upon the visual system (McKinley &&on, 1995; Barfield, Cohen, &
Rosenberg, 1997; Perrott, Cisneros, McKinley, & Bi&lo, 1996). Current research on
3D auditory displays suggests that providing spatfarmation with auditory cues can
improve performance for navigation (Simpson, Bruhdaallman, Joffrion, Presnar, &
Gilkey, 2005; Lokki & Grohn, 2005) and especialigwal search tasks (Bolia, D’Angleo,

& McKinley, 1999). To effectively aid visual perimance with auditory displays in



complex operating environments, it is vital thatuvelerstand both visual and auditory
spatial perception and their interactions.
Visual vs. Auditory Spatial Perception

Humans can only see in detail near or within thered visual field, the fovea,
where spatial resolution (acuity) is excellent. ¥desner (1979) found that observers
could reliably discriminate immediate displacemeafta small line (0.5 degrees) when it
was moved laterally by only 10 to 12 seconds of &his discriminability is remarkable
given that the spacing between photoreceptorsariavea is at least 3 times larger, a
phenomenon calleldyperacuity (Wandell, 1995). Our peripheral vision can oftenused
to detect or even identify objects, especiallyhéyt are in motion, but the acuity in the
periphery is extremely poor. For instance, at @tlydegrees in the periphery, spatial
resolution is about 30 times worse than that offtiea. In addition, a human’s binocular
visual field spans approximately 200 degrees hotally and 135 degrees vertically
(measured from central fixation), making only abloalf of the spatial world visible at
any given time (Wandell, 1995). These facts impbtthe field of view of the visual
system, while impressive in terms of acuity nearfthvea, is fairly restricted in terms of
size.

In comparison to foveal vision, the acuity of theli@ory system is relatively
poor. Under optimal conditions, with broadband stsucoming from the frontal field,
Yost (2000) notes that the minimum audible angl&/M)1 a measure of auditory spatial
resolution, is about 1 to 2 degrees (or 3600 td&Hronds of arc). Thus, the acuity of
the auditory system is, at the very least, 360dip@orer than the acuity of the visual

system (3600 seconds vs. 10 seconds, respectitHgdwever, the auditory system is an



omni-directional system; it can detect sounds from any directicthénenvironment,
regardless of where an observer’s head is poilteatidition, the auditory system is
considered to be a “24-hour” system, while the aisystem generally requires a person
to have their eyes open and to be awake for viger@eption to occur. Therefore, the
“field of view” in the auditory system is at ledstice as large as the visual system. So,
the auditory system has two distinct advantagedivel to the visual system: it has a
wider field of view and the ability to operate anolthe clock.

In addition, one of the evolved functional purposéthe auditory system is to
guide the eyes to acoustic events via a refleangnting response. For instance, when
someone hears a loud noise behind them, they inatedgiturn their head towards the
sound and point their eyes at the perceived logatfdhe sound. The fovea is then able
to sample the region of interest so that the socaoebe identified and, if necessary,
action can be taken (Perrott, Saberi, Brown, &I8tty1990). Thus, auditory displays
have the possibility of conveying spatial infornoatin a more natural and intuitive
manner than traditional visual displays. All ofskeconsiderations suggest that overall
spatial awareness could be effectively augmenteshibbanced by displaying spatial
information to the auditory system, especially\¥mual search tasks.

Visual Search

Our interactions with the world constantly requinat we look for something,
such as a set of lost car keys, a specific faeedrowd, or a word on a page, a task
referred to as @isual search. Due to its applicability to daily life and its wgjoitous
nature, visual search has been extensively stumigdychologists for more than 70

years; as early as the 1930’s, Kingsley (1932) et the phenomenology of “search”



behaviors. More recently, researchers have usedhsgarch tasks to test theories about
perception and cognition (e.g., Neisser, 1964).

The main variable of interest in a traditional ledtory visual search task is the
amount of time it takes a participant to locatasaa@l target (theesponse time or
reaction time). Participants are placed in front of a visual ig@and a fixation cross is
used to “center” the line of gaze so that a pardiot’'s eyes always start a search from the
same spatial location. When the participant sigties he or she is ready to begin, a
timer is started, the fixation cross disappeard,axisual target is presented at a random
location. As fast as possible, the participant @ilsuscans the display and then indicates
the acquisition of the target by pressing a butedmch stops the timer. Often, the visual
target is one of two types that the participant tnmentify, such as an “L” or an “R.”

This two-alternative, forced choice (2AFC) desigisuwes that participants are actually
doing the required task by forcing them to degaxctidentify some stimulus, not just
detect the presence of a stimulus. Visual seasitstean be made more difficult by
adding distracting visual stimuli, enlarging theussh area, or making the defining visual
features of the target smaller or less salient.

In military contexts, pilots and soldiers are oftequired to conduct visual
searches of their spatial environment for targétaterest. One major problem
surrounding visual search is that it can be timesoming, and pilots rarely have time to
conduct extensive visual searches of the sky oaiteduring combat or search-and-
rescue missions. In addition, sub-optimal viewingditions experienced during
darkness, flight through clouds, immersion in feglost, and intense brightness can

make successful visual searches difficult or impmesThe demands placed upon the



visual system can be overwhelming, increasing veadland fatigue while decreasing
situational awareness and overall performance.

Many operating environments also require the ugheftisual modality above all
others, while auditory and other sensory modalitegsain under-utilized or ignored. By
cuing an operator on the location of a target usmgnd, visual search performance and
overall spatial awareness could benefit greatlyngauditory spatial displays should be
especially advantageous in situations where atamed appear anywhere within a large
search area, and the task requires both detectobdiacrimination of targets. These
conditions can be found in many operating envirammisuch as aircraft cockpits and
ground-based vehicles.

Auditory Spatial Perception and Virtual Auditory Displays

Thanks to recent research and advances in technalogial (3D) auditory
displays are able tamulate a spatial auditory environment when presented ngenal
headphones. With a virtual auditory display, ah&r perceives the sounds as coming
from locations in the external environment, noeasnating from the headphones or
inside their own head, as is usually the case whearing headphones. This sometimes
startling effect is possible because virtual audwreates the physical stimulus in a real-
world acoustic environment, in a way that is simpdy captured by traditional auditory
displays.

Normal auditory spatial perception is accomplishrethe brain by making
comparisons of the acoustical signals reachingwieears. Since the ears are separated
in space, a given sound wave reaches the two ediffesient times (the interaural

temporal difference or ITD) and has different irgigies (the interaural level difference or



ILD). Therefore, depending on where in space thundas coming from, the two ears
receive different acoustical signals that can leelue locate a sound on the horizontal
plane (Wightman & Kistler, 1993). In addition teete binaural cues to horizontal
location (azimuth), both monaural and binaural atesbe used to determine the vertical
location (elevation) of a sound. Manipulating thegtical elevation of a sound changes
the spectral shape reaching the ear canal, dudettowing and reflections by the pinnae,
head, shoulders, and torso (Yost, 2000). Senalate a spatial sound with headphones,
the sounds being played to each ear can be filteredroduce the ITD, the ILD, and
spectral shapes of the desired location.

The ITDs, ILDs, and spectral changes for each iogah space can be described
empirically using head-related transfer functiodd&Fs). HRTFs are captured by
placing microphones in a listener’s ear canalsidhe ears of a dummy head, then
recording flat wideband sounds emanating from gelasumber of directions within an
anechoic chamber. In effect, the pinnae, head,ldbmy torso, etc. act as a filter,
changing the flat wideband signals into unique spéshapes. These resulting spectral
shapes take various forms, depending on whichtibrethe sound is coming from. Thus,
HRTFs are a description of how sounds are changéey travel from specific points in
space to the entrance of the ear canals (for fudiseussion of HRTF synthesis, see
Wightman & Kistler, 1989a).

To simulate a sound coming from a given directtbm,signals for each ear are
convolved with the HRTFs to produce the approptid2 ILD, and spectral cues
corresponding to that direction. Presenting theifreztisignals over headphones will re-

create, at the eardrums, the sounds that a persold Wwear if they were actually



listening in a real-world environment, and theslin of sounds coming from particular
directions in external space is readily perceptibhas illusion can be extremely
compelling (Gilkey & Weisenberger, 1995), and innp&ases, virtual sounds are
functionally equivalent to free-field sounds (Wigtan & Kistler, 1989b).

Previous Research on Aurally-aided Visual Search

As far back as the 1960’s, scientists were invasig the use of auditory cues as
an aid for visual search tasks in complex operatmgronments. Mudd and McCormick
(1960) asked participants to search a mock coptoél filled with 32 dials for a single
“deviant” dial that was oriented differently tharetrest. Their study did not use 3D
auditory cues; instead, pure tones were coded tyynnathe lateralization, frequency,
and duration of the sound to represent the locatfdhe target dial. The lateralization
code (sound presented in either the left or riginf duced the search area to the left or
right half of the panel; the frequency code (50Q@®0 Hz) reduced the search area to
the bottom or top of the panel; and the duraticec®.2 or 0.5 s), when coupled with
the lateralization code, reduced the search artggetmner or outer portion of the
appropriate side.

Mudd and McCormick’s results showed that when usinly the lateralization
cue, participants decreased their search times &oaverage of 18.15 to 10.49 s. By
adding the frequency and duration codes to thet@ydsignal, search times were
reduced even more to 6.21 s. Although these cues neg “spatialized” in the modern
sense of being three-dimensional, they still codiinformation about the spatial
location of the stimulus. Thus, these results sttt auditory cues with some form of

spatial information are effective at improving \aésearch performance.



More recent research on aurally-aided visual selaashstudied the effect of
spatial (3D) auditory cues on performance. In acBlpexperiment, a real spatial sound
cue is presented with loudspeakers frea-field environment (no obstructing objects or
interfering boundaries) or a virtual spatial socne is presented over headphones. In
both cases, the sound cue is displayed at the lesagon as the visual target. Generally,
average search times when a co-located spatiaioaydue is provided are compared to
search times when a non-spatial cue or no cueisged.

The reported benefits of spatial audio includensigant decreases in visual
search times (Bolia et al., 1999; Perrott et &96), improvements in head movement
efficiency during search (Nelson, Hettinger, Cuighiam, Brickman, Haas, & McKinley,
1998), decreases in the subjective workload obterator, and increases in situation
awareness (McKinley & Ericson, 1995). In additiomgnipulations that typically hurt
visual search times, such as enlarging the seaeeh(Rerrott et al., 1990) or increasing
the number of visual distractors (Perrott, Sadralb@d, Saberi, & Strybel, 1991; Bolia et
al., 1999), are significantly less detrimental performance when spatial auditory cues
are presented. All of these benefits likely ocaecduse the spatial audio provides an
intuitive and easily-perceived cue that contaircaitmn or direction information. Thus,
the area that an observer needs to search caréiygeduced by providing spatial
auditory cues, making the act of searching sigaifity faster and easier.

Reductions in Search Times. Perhaps the most important and robust finding én th
aurally-aided visual search literature is the |langphuction in response times when 3D
audio cues are displayed. In an early study examithie effect of 3D audio on visual

search, Perrott et al. (1990) asked participanse#&och for and identify a visual target.



One search condition presented an audio cue frepeaker placed directly ahead (at the
fixation point) on every trial, regardless of whée visual target was located; thus, the
audio cue was not spatially correlated with thgearThe other condition presented an
audio cue from a speaker at the same locationeagishal target; in this condition, the
audio cue was spatially correlated with the targetual search times were found to be
significantly faster with spatially correlated ataaly cues than with uncorrelated cues. At
the most difficult search locations (elevated s@ucaiming from behind), response times
were reduced from about 2600 ms to about 1300 mesjwection of approximately 50%.
Other studies have found similar significant redhrts in response times when spatial
auditory cues were provided (Perrott et al., 195dryott et al., 1996; Bronkhorst,
Veltman, & van Breda, 1996; Flanagan, McAnally, MarMeehan, & Oldfield, 1998;
Bolia et al., 1999).

Improvements in Detection Performance and Subjective Measures. In addition to
the typical response time measures, Nelson e1@88) investigated aurally-aided visual
search performance in terms of detection efficiepeyceived workload, and head
movement efficiency. Their task required observerscate a steadily approaching
target aircraft in a simulated environment presgeféher on an external dome display or
within a helmet-mounted display (HMD). The four ddions of their experiment were:
the presence of 3D audio cues (azimuth, elevaéind range), 2D audio (azimuth and
elevation), non-spatialized audio, and no audideBteon efficiency was measured with
two metrics: the percentage of visual targets deteand the simulated distance at which
targets were detected (since the target approatheedonstant rate, the distance of

detection metric is essentially reciprocal to resmotimes). The perceived mental



workload was measured by administering a brief iuesaire (the NASA Task Load
Index) after each block of trials. Head movemefitiehcy was measured using a head-
tracking system that recorded the total angulad ltgsplacements and average head
velocity during the search tasks. The localizedtanglconditions (2D and 3D) resulted
in the best metrics, including the highest targeedtion efficiencies (the highest
percentage of detections and the farthest distaatoghich targets were detected), the
lowest workload ratings, and the most efficientche@vements (the smallest total
angular head displacements and the smallest aveesgkvelocities).

In an effort to examine the feasibility of implentieg a virtual audio cuing
system in an actual operating environment, McKirdag Ericson (1995) performed a
flight demonstration with a 3D audio display. Thsk required pilots to visually locate
and then verbally identify ground targets (e.dgwaer or a bunker) during flight. Virtual
audio cues were presented over a head-set intdgratan the pilots’ flight helmets. A
head-tracking system ensured that the perceivaaklmration of the auditory cue
remained correlated with the actual spatial locatibthe target, no matter where the
pilots’ heads happened to be pointing. No quantgadata were recorded from the flight
demonstration. However, the pilots reported thagets were acquired faster with the 3D
audio system than with the traditional visual heagglisplay (HUD) and that their
workload was decreased. In addition, the pilotsthelt the 3D audio display offered an
increase in situational awareness.

The Eccentricity Effect. Research on visual search has consistently shown an
effect of the location of the target on response$, or the targeteccentricity from the

initial line of gaze. This finding does not seempsising if we consider that targets
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appearing farther away from the fixation point riegthat a larger area be searched until
the target is found, which will generally increasarch times, or when we consider that
moving one’s eyes 80 degrees takes longer thanngae\d degrees. Interestingly, when a
3D audio cue is provided, this effect of eccentyis sometimes reduced or even
eliminated; visual search times for a target fathm periphery can sometimes be just as
fast as search for a target near the initial lihgaze (Perrott et al., 1990). This also
means that the benefit provided by 3D audio (reattb no audio cues) increases as the
as the effective search area grows larger (orasdhbentricity of the target increases).

The eccentricity of the target locations was antautthl independent variable in
the work of Perrott et al. (1990), whose experirakdésign was discussed earlier.
Targets appeared at various locations within acbef@eld spanning 260 degrees
horizontally and 92 degrees vertically. They fodinat the advantage of spatialized audio
was more apparent at the farther eccentricitidee(eefit of approximately 50%), when
the effective search areas were especially large.smallest reduction in response times
(approximately 15%) was found when the target wiaisinvthe central visual field
(within 10 degrees of the initial line of gaze)tidugh this reduction was relatively
small, the fact that search times were reduced afthin the central visual field was
unexpected and impressive, considering that obsewere looking almost directly at the
targets at the start of the trials.

In a similar series of experiments, Perrott e{091) examined aurally-aided
search times to compare performance with unaidactiseAgain, eccentricity of the
target was manipulated and could appear anywhehewva 30 degree search field,

directly ahead. Participants were required to leeetd then identify a target as being one

11



of two alternatives. In the no-sound conditionyéheas no audio cue. In the spatially-
correlated condition, a speaker presented an augi@t the same location as the visual
target. Again, the largest improvements in searobg with 3D audio were at the farthest
eccentricities (at 14.8 degrees from the fixatiooss in the most difficult search
condition, response times were reduced by apprdei;nd0%). Also, they were able to
replicate their earlier work in Perrott et al. (D99which showed a beneficial effect of 3D
audio even within the central visual field.

The Visual Load Effect. Another common experimental manipulation in
traditional visual search tasks is the additiodisfracting visual stimuli. These visual
distractors often look similar to the target aneltipresence makes the target difficult to
find. This increase in thasual load or display size usually translates into longer
response times; as more distractors are addedhstaes get longer. As was found with
the eccentricity effect, the addition of 3D auditaues can reduce or eliminate the effect
of visual load on a search task. Similarly, thedfis of 3D audio over unaided search
become especially apparent as the visual loadases

In addition to varying the eccentricity of the tatg, Perrott et al. (1991) also
varied the number of visual distractors that appe@om 0 to 63. The visual distractors
looked similar to the target and were intendedatotiol the difficulty of the task. The
results suggested that as the number of visuahdtsts increased, the benefit of 3D
audio also increased. For instance, when there meedgstracting stimuli, free-field
audio cues improved search times by only 8% redativthe no-sound condition.
However, when large numbers of distractors wersegie(63), search times were

improved by 28 % with a free-field audio cue.
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Bolia et al. (1999) also manipulated the numberisdial distractors, using 1, 5,
10, 25, or 50 distractors. They asked participtmfsd a visual target that could appear
within a search field of 360 degrees horizontailyllb0 degrees vertically. The targets
were a set of either 2 or 4 closely spaced LEDiigthe distractors were very similar
sets of either 1 or 3 LEDs. The three main condgiof their experiment were: no audio
cues, virtual audio cues (presented over headphaas free-field audio cues (presented
with loudspeakers). The task, without audio cuess wery difficult when visual
distractors were present. For instance, when there 50 visual distractors, average
unaided search times were almost 15 seconds. Whietual audio cue was displayed in
the presence of 50 distractors, search times dbfapless than 4 seconds (an
improvement of 73%). When a free-field sound cus diaplayed, search times were
about 1 second (a dramatic improvement of 93%pargss of the number of
distractors. These findings show that when a 3Dcacuk is added to a visual search
task, the effect of visual distractors is reducexdsiderably (with virtual audio), and may
even be eliminated (with free-field audio), at tfas difficult or complex searches.
The Present Resear ch Question

The literature on aurally-aided visual search satgthat there are many
significant performance advantages compared tadedasearch under a variety of
experimental manipulations. However, most of thesature consists of searches for
static (non-moving) targets hidden among statitraltéing stimuli. No research has
apparently examined aurally-aided visual searcfopaance in an environment with
dynamic (moving) stimuli. Researchers have recondeérthat future research should

assess “the effects of virtual localized auditargson visual detection tasks that involve
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multiple targets, visual distractors, amoh-stationary targets [italics added]” (Nelson et
al., 1998, p. 459). This last aspect of visual d@ag may be especially important since
in most real-world situations the observer andierdtimuli are in motion. The goal of
the present research is to assess how 3D auditorg affects visual search performance
when considering dynamic stimuli.

As discussed earlier, traditional visual searcksd®come more difficult with the
enlargement of the effective search area¢taentricity effect; see Perrott et al., 1990) or
the addition of multiple visual distractors (tvieual load effect; see Perrott et al., 1991;
Bolia et al., 1999). Moreover, it is in these maifficult search conditions when 3D
audio cues provide the largest advantages ovededaearch. We expect that moving
stimuli will also increase the difficulty of an udad visual search task since dynamic
visual acuity is generally poorer than static ac(iorrison, 1980), and thus we expect a
larger advantage of 3D audio cues.

There is some experimental evidence suggestinglfmatmic visual search is
indeed more difficult than static search. Erick§b®64) found that fast moving targets
were harder to detect than slower ones in a vsegich task. Erickson’s task required
participants to find Landolt C targets hidden amarigackground of similar-looking
rings in a vertically moving field (all stimuli med in the same direction at the same
speed: either 5, 7, or 10 deg/s). His results sbdaat detection performance markedly
decreased as velocity increased. With 48 visusladi®ors, about 67% of the targets were
detected in a field moving at 5 deg/s. When theaigl was doubled to 10 deg/s,
performance dropped to a detection-rate of aboui.d/hese considerations suggest that

dynamic search is more difficult than static seatlehs, we expect to find that 3D audio
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offers a greater overall benefit in dynamic seanehironments than in static
environments.

However, it remains possible that the benefit ofé@lditory cues in a dynamic
environment will be poorer than a static environm®mnevious research on auditory
localization suggests that spatial acuity is bdtestatic sounds than moving sounds.
Under ideal laboratory conditions, the minimum &lglangle (MAA) for static sounds is
about 1 degree of arc; in contrast, the best mimraudible movement angle (MAMA)
for dynamic sounds is about 2 to 5 degrees (Gramti894). Therefore, it is possible
that the less accurate localization cues for mosmgnds will limit the usefulness of 3D
audio in a dynamic environment relative to a staticironment.

The present study was undertaken to resolve thigiby answering this question:
how does visual search performance in a staticemwvient compare to a dynamic
environment when 3D auditory cues are given? Resulbuld aid in attempts to increase
search performance and spatial situational awaseioegockpit and motor-vehicle
applications. Specifically, these applications daunklude: an auditory display for threat
warning location, aircraft wingman location, calhs avoidance, spatial communications
separation, air and ground target location, andgadéion aids (McKinley & Ericson,
1995). Other possible technological and researphcgpions include cuing teleoperators
on the locations of targets or obstacles and atteastcuing for operators using control

panels and visual displays in command and coninglrenments.
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IIl. METHOD

The experimental setup was similar to a traditimmstial search task and the
main dependent variable of interest was response ur goal was to discover how
visual search performance in a dynamic environroentpares to a static environment
when 3D auditory cues are displayed. The experimastconducted in the Aerospace
Vision Experimental Laboratory (AVXL) at the Air Fce Research Laboratory located at
Wright-Patterson Air Force Base, Ohio.
Participants

The 8 participants reported having normal or cde@¢o-normal visual acuity
and normal hearing. They ranged in age from 23tge&rs old. Four of them had
participated in the pilot study that preceded thgearch; one of these was the author.
The four other participants did not have previoxgegience with the task. The total time
requirement for each participant was 5 hours (wkwel generally spread out over 5
separate days, 1 hour per day). The participants na& paid.
Apparatus

The visual stimuli were displayed on a screen bgwarhead projector that
produced a 1024 x 768 resolution image with a séfrate of 75 Hz. Participants were
seated 75.5 inches from the screen so that theqgbeaj images spanned 60° horizontally

and 47° vertically. The projected image was cent@@izontally with the observer, but
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was vertically raised about 12.5 inches (or abodé@ees of visual angle) above the

observer’s horizontal line-of-gaze (see Figure 1).

center < 47 deg
}9 deg

75.5 inches ]

Figure 1. The visual display experimental set-up. Thegntgd image spanned 47 degrees of vertical
visual angle, and the center of the image was addegrees above the participants’ horizontal tifre-

gaze. Participants were seated with their headsiiBhes away from the display.

In the 3D audio conditions, participants’ head poss were monitored by a
3%Tech™ HiBall-3100 Wide Area Tracker, an optical headskiag system with a
temporal resolution of 1500 — 2000 Hz and an oaigéon resolution of 0.01 degrees
RMS (3%Tech, Inc., 2006). When coupled with a computer leatphones, the head-
tracking system ensured that when an auditory agempesented, it would always be
spatially correlated with the visual target, redesd of where their head was pointed. The
auditory stimuli were presented with Sennheiser26D Pro headphones, which had the
head-tracker mounted on top.

Simuli
Visual. The visual stimuli (one target and 15 distractarsje black rings on a

white background. Each of the rings spanned 0.96egs of visual angle. The target was
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identical to the distractor rings except for a drgap introduced on either the left or the
right side. The size of the gap in the target wag 0.12 degrees of visual angle (see
Figure 2). This gap size was chosen so that ppaiits could not identify the target using
peripheral vision; instead, they were requiredisu&lly scan the display until the target
became foveated. Pilot studies revealed that tleetsd target gap size became very

difficult to detect at about 5 to 10 degrees ohiteccentricity.

Gap Size Stimuli Width
0.12 deg O O | 0.96 deg

Target Distractor

Figure 2. The visual stimuli. The gap size of the targmanned 0.12 degrees of visual angle, and the

width (diameter) of both the targets and distractoas 0.96 degrees of visual angle.

Amplitude

20 |25| 50 |25]| 30 250

Time (ms)

Figure 3. Temporal profile of the auditory cue. The 504mssts of white noise were separated by 25-ms

gaps of silence. The last burst was followed by 2t of silence. The length of each cue was 450 ms

Auditory. The sound cue consisted of three consecutive SPumsss of wideband
white noise separated by 25-ms gaps of silencefaloaved by 250 ms of silence (see

Figure 3). The sample rate was 44,100 sampleséscilié was repeated continuously
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during each trial in the auditory conditions, analsvpresented at a comfortable listening
level.

For each audio trial, the sound cue was filtereth wigeneric set of HRTFs and
displayed using NASA'’s “sound lab” software (SLABersion 5.7.0; also see Miller &
Wenzel, 2002). It should be noted that the “geri¢tRTFs were recorded from an
individual who was not a participant in the stu@lg.combat the problems of low-
frequency fidelity in experimentally measured HRT&Ssnowman” model (which
assumes a perfectly spherical head sitting atagrfegly spherical torso) was used to
correct the low-frequency component of the recotdBd Fs (see Algazi, Duda, &
Thompson, 2002).

Procedure

The experiment was a visual search task using aatteonative forced-choice
(2AFC) design. Before beginning, participants wiestructed to visually locate the
target ring and then identify whether the gap veasted on the left or the right side of
the target. Participants donned headphones (wéthéad-tracker mounted on top) and
sat facing the display screen in a dimly lit rodrhey were required to gaze at a fixation
cross before each trial began. When ready, thessptea button to start the trial. When
the ‘start’ button was pressed, the fixation crdissppeared, a timer started, and the 16
stimuli were presented (one target and 15 distratt@articipants had to visually search
the display, find the target, and then indicatewbich side of the target the gap was
located by pressing either the ‘Left’ or ‘Right’ttan on a wireless keypad (see Figure 4).
When the ‘Left’ or ‘Right’ button was pressed, tivaer was stopped and their responses

and response times were recorded. The screen emsldared and the fixation cross for
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the next trial was displayed. The trials were etfiself-paced. Participants were

instructed that both accuracy and speed were iaport

Stimuli on the Display
O 0 O

C O

O
O
O O O O
O

O

O O
O

Figure4. An example of the search task for the targetragrid distracting rings. In this case, the

participant should indicate that the gap is locatedhe right side of the target.

The four conditions of the experiment were: (1jais environment with no
audio cues, (2) a static environment with 3D awdies, (3) a dynamic environment with
no audio cues, and (4) a dynamic environment witra@dio cues. A single block
(condition) contained 176 trials (22 locations pepetitions per location). Each session,
which consisted of four blocks, contained 704 ri@ blocks x 176 trials). In addition,

each participant viewed four experimental sessiGosisequently, each participant ran in
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2,816 trials (4 sessions x 704 trials). In totalihe experiment recorded 22,528 trials: 8
(subjects) x 4 (blocks) x 4 (sessions) x 22 (lana) x 8 (repetitions).

Satic Conditions. In the static conditions, the stimuli were presdrael16 of 22
possible locations that were 9, 18, or 27 degrees/drom the fixation cross. There were
8 possible locations at 9 degrees, 8 at 18 degaeds; at 27 degrees (see Figure 5).
Within each condition, the target ring appearedlle?? starting locations (22 positions x
8 repetitions = 176 trials per block). The distoaicings randomly appeared at 15 of the

remaining locations.

Figure5. The 22 possible target starting locations dt8),and 27 degrees from the fixation cross.

Dynamic Conditions. Again, the stimuli started at 16 of the 22 possibtations
that were 9, 18, or 27 degrees away from the fixatross. However, in the dynamic

conditions, all of the stimuli immediately beganvimg at a speed of 10 degrees of visual
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angle per second. For each trial, the 16 visuadwiiwere randomly assigned one of 8
possible trajectories that included the four caabldirections (Up, Down, Left, Right)
and the 45° oblique directions between them (sger€i6). Each direction of movement
was assigned to only 2 stimuli for each trial. Withach block, the target ring moved on
all 8 trajectories starting at each of the 22 dalesstarting locations (22 locations x 8
trajectories = 176 trials per block). The distractogs randomly appeared at 15 of the
remaining starting locations and were not ablecdule the target ring at any time
during their movement. Stimuli were not permittedriove off of the display screen; if a
ring reached the edge, it “bounced” off the edgthefimage using realistic physics and

stayed within the display area.

Lll:.f \\.
0----> ©
B
0 i
|
O, | 1 0
s #
A ' .
M 0
TARGET
0
L:/ {____O

Figure 6. An example of the target and 7 distractor riimgghe dynamic condition, each moving in one of
the eight possible directions at 10 deg/s. Rirmmiticed” off the edge of the image using realiskigsics

to stay within the display area.
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No Audio Conditions. In the no-audio conditions, no auditory cues were
presented. The bulkiness of the headphones coulldféected head movements (and
thus search performance), so participants weleetjliired to wear the headphones. This
requirement ensured that the 3D audio manipulatias not confounded with the
presence or absence of head gear.

3D Audio Conditions. In the 3D audio conditions, auditory cues were @nésd to
the participants over the headphones. When thecipant pressed the ‘start’ button and
the visual stimuli were displayed, the 3D auditong (three bursts of white noise)
immediately sounded and repeated until the enteofrtal. The virtual location of the
auditory cue was at the same spatial location@situal target. When the participant
signaled the location of the target gap by pressiegappropriate button (Left or Right),
the visual display was removed and the auditoryicueediately stopped. The head-
tracking system ensured that the audio cue anéMarget were always co-located
regardless of where the participant’s head wastipgineven when the target was moving
in the dynamic conditions.

Design

The presentation order of the blocks was countiroad across sessions with a
balanced Latin Square design: each block occunredery ordinal position exactly once
and no block preceded or followed another more trare (see Figure 7). In addition, the
presentation order of the sessions was also cebatanced across participants with a
balanced Latin Square (see Figure 8).

Training. Every participant was given a training session teetollecting data.

The training session consisted of 150 trials fr@aoheof the four conditions, for a total of
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176 trials 176 trials 176 trials 176 trials

Session 1 | Statie, No Audio |>>>| Static, 3D Audio |>>>| Dynamic, 3D Audio |>>>| Dynamic, NoAudio|

Session 2 | Dynamic, 3D Audio |>>>| Static, No Audio |>>>| Dynamic, No Audio |>>>| Static, 3D Audio |

Session 3 | Static, 3D Audio |>>>| Dynamic, No Audio |>>>| Static, No Audio |>>>| Dynamic, 3D Audio |

Session 4 | Dynamic, No Audio | >>>| Dynamic, 3D Audio |>>>| Static, 3D Audio |>>>| Static, No Audio |

Figure 7. The experimental design for a single participafite presentation order of the blocks was

counter-balanced across sessions via a balanced3autare design.

704 trials 704 trials 704 trials 704 trials
Participant 1 Session1 [ »=» | Session 2 »»> | Sessiond | ==» | Session3
Participant 2 Sessiond | »»> Session 1 ES S Session 3 =»> | Session 2
Participant 3 Session 2 | =»> Session 3 ESS Session 1 ESS S Session 4
Participant 4 Session 3 | === Session 4 >3 Session 2 =i Session 1

Figure 8. The experimental design for four participantie presentation order of the sessions was

counter-balanced across participants via a balabatd Square design.

600 training trials. The order of the training cdiwhs was structured so that the
participant started under the simplest conditiowl the additional conditions added
various levels of complexity to the task. The oraleconditions for the training session
was: Static with No Audio, Dynamic with No Audiota8ic with 3D Audio, and Dynamic
with 3D Audio. Participants were instructed to tise training session as an exploratory

experience to gain comfort pressing the approphatens, viewing the stimuli, and
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correctly using the 3D audio as a cue to the tajier completing the first four blocks
with 50 trials in each block, the same procedurs keaeated twice so that every
participant viewed each condition three times (&t&ds per condition) and experienced a
total of 600 trials. Feedback as to the accuraagggiionses and average response times
was given at the end of the training blocks; nabeek was provided during the trials.

For data collection sessions, each block of theex@nt was preceded by a 50-
trial “warm-up” block containing only the conditidar the following block. For instance,
before beginning data collection on the “Static, Nalio” condition, participants
practiced on 50 “warm-up” trials containing no nootiand no auditory cues. Again,
feedback as to the accuracy of responses and avesigonse times was given at the end
of the training blocks; no feedback was providedmdythe trials.

Timerequirement. Participants were given short breaks betweeh black. In
addition, the trials were self-paced, allowing m#pants to pause at any time between
trials. The total time requirement for each paprit was no more than five hours (one
training session plus four experimental sessioash ¢éaking at most an hour to

complete), spread over five days with one sessaoruay.
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[ll. RESULTS AND DISCUSSION

The main variables of interest in this experimeatemhe type of visual
environment (static or dynamic), the presence seate of an auditory cue, target
eccentricity, session, direction of target motiang the target starting location. All of the
independent variables were treated as fixed wishipjects effects in a repeated-measures
analysis of variance (ANOVA). Incorrect as wellpgemature responses (response times
less than 100 ms) were excluded from analysis (2&tals). Post-hoc analyses were
predominantly conducted with Games-Howell3H) tests, which controlled for unequal
sample sizes and heterogeneous variances. Alldesignificance were conducted with
an alpha level of 0.05.

Since reaction time distributions are nearly alwmagsitively skewed, researchers
often transform their data to normalize the disttibns before performing statistical tests
such as ANOVA (e.g., Flanagan, McAnally, Martin, &ban, & Oldfield, 1998). In
keeping with this practice, we log-transformed diaga before ANOVAs were performed
(for further discussion of reaction time distritmtianalysis, see Ratcliff, 1993). Figure 9
shows the frequency histogram for the raw resptneedata, before a logarithmic
transformation; it is highly skewed in a positivieedtion. Figure 10 shows the frequency
histogram for the log-transformed response tima;dattice that it is a better

approximation of a normal distribution and the skes greatly reduced.
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Figure9. Frequency histogram of the raw response time, degfore the logarithmic transformation.

Notice that it is highly positively skewed and noeormal.
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Figure 10. Frequency histogram of the logarithmically-tfansed response time data. Note that it is only

slightly skewed and is a better approximation tmemal distribution.
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All of the statistical tests were performed on lttgarithmically-transformed data.
However, for ease of discussion, the means of tii@nsformed response times are
reported in the text and shown graphically.

Analysis of Violations of Sphericity

Repeated measures ANOVA requires that the datsplaeeical, meaning that the
variances of the differences between pairs ofrmeat levels are roughly equal (Field,
1998). When there is a violation of sphericity, tngical F-ratios obtained from
ANOVA tables are generally too small, increasing pinobability of committing a Type |
error (rejecting a true null hypothesis). To dedhwgphericity violations, corrections can
be applied that adjust the degrees of freedomarAtiOVA test in order to produce a
more accurate significance level, such as the Giaese-Geisser or Huynh-Feldt
corrections (Baguley, 2004). However, May, Massord Hunter (1990) note that when
the obtainedr-ratios are much larger than the tabled critichlies, rejection of the null
hypothesis is still valid even without performingriections. All of our significant
overall effects had very largeratios, with corresponding-values of 0.001 or less. In
fact, the overall analysis came to the same coiwiasas all three of the adjustédests
provided by SPSS (the Greenhouse-Geisser, Huyrdt;@@ld Lower-bound sphericity
corrections) in terms of which effects were sigrafit, and the-values were not
noticeably altered by the corrections. Therefollegfahe reported--tests are
uncorrected.

Percent Correct Analysis
All of the observers performed extremely well. PArO0 (or 1.2%) of the 22,528

total trials had to be excluded due to incorrespomses (1.1%) or premature responses
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(0.1%). The largest error rate for a single obsemeas only 2.4%. While 3D auditory
cues produced twice the number of errors as digualtory cues (1.6% versus 0.8%,
respectively), the difference of 0.8% was too srttabe considered meaningful. Since
error rates were so low, no further analyses wenglgcted on the percent correct data.
Overall RT Analysis

In our overall analysis, response times were #peddent variable. The
independent variables under investigation wererenuient, auditory cue, eccentricity,
and session. The direction of motion was not inetlioh this analysis because only half
of the trials contained motion, and the targettistgiocation was not included because it
was confounded with eccentricity. In this analyaismain effects were found to be
significant, and the two-way interactions of enwinzent by eccentricity and audio by
eccentricity were also significant. All other irdetions were non-significant. A complete
ANOVA table is presented in Appendix A.

Environment. The presence of moving stimuli in the dynamiciemnment caused
an average increase in search times of 470 mstlwestatic environment (from 1.35 to
1.82 seconds), as shown in Figure 11. This magteffas statistically significant, F(1,7)
= 330.654p < 0.001. As previous research on dynamic visuadgpion has suggested
(e.g., Morrison, 1980; Erickson, 1964), the taskimding and identifying a moving
target was very difficult, adding almost a halfacsecond on average compared to the
static task.

Auditory Cues. The presence of 3D auditory cues caused a lar@significant
reduction in search times. As shown in Figure &&,dresence of 3D audio reduced

overall search times by 430 ms (from 1.80 s to $)3an improvement of 24%, which
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Figure11. The effect of environment on mean response tiniée column labels include mean response

times, and the error bars represehtstandard error of the mean.

2.00

1.75 A

1.50 -

1.25 4

1.00 -

0.75 ~

Response Time (s)

0.50 ~

0.25 A

No Audio 3D Audio
Audio Cue

0.00

Figure 12. The effect of auditory cues on mean responsestinThe column labels include mean response

times, and the error bars represehtstandard error of the mean.
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was significant, F(1,7) = 97.59p,< 0.001. However, as this main effect was found
across static and dynamic conditions, the moreestang results concerning 3D audio
can be found by examining its effect within eactirsk environment.

The presence of 3D audio cues improved performambeth static and dynamic
environments, as is evident in Figure 13. In tla¢isenvironment, 3D audio reduced
search times by 340 ms (from 1.52 s to 1.18 simgmovement of 22%. This result

supports previous research showing that auditoeg ewe effective at reducing visual

2.50
0O No Audio
B 3D Audio
2.00 1 =
@
() B
2 150
£
(]
(7]
C
o
2 1.00 -
[0)
o
0.50 -
1.52 1.18 2.08 1.55
0.00

Static Dynamic

Environment

Figure 13. The effects of environment and auditory cuesn@an response times. The column labels

include mean response times, and the error barsseqnt 4 standard error of the mean.

search times in static environments when compargdumaided searches (e.g., Perrott et

al., 1996; Bolia et al., 1999). In the dynamic eamment, search times were reduced by
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530 ms (from 2.08 s to 1.55 s), a comparable imgmmant of 25%. It should be noted
that there wasot a significant interaction between environment anditory cues in this
overall analysis. Thus, across participants, 30apobvided a similar performance
benefit in both static and dynamic environments.

Eccentricity. There was a significant main effect of targetestigcity on response
times, F(2,14) = 153.829,< 0.001. As shown in Figure 14, overall respoises

increased as the target eccentricity increased:Hastests using théH test revealed
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0.00 ‘ ‘ ‘
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Figure 14. The effect of eccentricity on mean responseginiehe error bars represerit standard error of

the mean and are smaller than the symbols.

significant pairwise differences (alpha = 0.05mp=tn all levels of eccentricity (9, 18,
and 27 degrees). Full results of the eccentriaigt{hoc tests are shown in Appendix B.

Again, as this main effect was found across sttt dynamic conditions, the more
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interesting results concerning eccentricity cafidagd by examining its effect within
each search environment.

The interaction of eccentricity and environmentwh in Figure 15, was
significant, F(2,14) = 42.143,< 0.001. A pattern of results similar to the meffect
was found in both static and dynamic environmesgarget eccentricity increased,
response times tended to increase. Thus, in the standition, our finding of an
eccentricity effect confirms previous research (gteet al., 1990; 1991). For both the
static and dynamic conditions, post-hoc tests ledesignificant pairwise differences

between all three levels of eccentricity (see Aplpe).
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Figure 15. The effects of eccentricity and environment agamresponse times. The error bars represent

+1 standard error of the mean and are smaller timeytmbols.

The interaction of eccentricity and auditory cugwn in Figure 16, was also

significant, F(2,14) = 96.82p,< 0.001. Notice that the benefit provided by 3@iau
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(the difference between response times in the daand 3D audio conditions)
increased as the eccentricity increased. Noticethkst at 9 degrees of eccentricity, 3D
audio reduced search times by 120 ms (10%), dety@tiact that observers were

practically staring directly at the target at thersof the trial.
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Figure 16. The effects of eccentricity and auditory cuesraan response times. The error bars represent
+1 standard error of the mean and are smaller ti@sytmbols. In the 3D audio condition, responsesi
at 18 and 27 degrees were not significantly diffefeom each other.

The difference between no audio and 3D audio a&gaks of eccentricity was
evidenced by a post-htdest (one-tailed) assuming unequal variant{@915) = 3.359,
p < 0.001, a result which corroborates the workefrétt et al. (1990), who found a
beneficial effect of 3D audio (a response time otidn of 175 ms) within 10 degrees of

the fixation point. An even larger benefit of 3Ddam (480 ms) was found at 18 degrees
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(a reduction of 23%), and the largest benefit (#8) was found at 27 degrees (an
impressive reduction of 34%).

In the no audio condition, post-hoc analysis ushegGames-Howell test found
significant pairwise differences between all thieagels of eccentricity (see Appendix B),
demonstrating the eccentricity effect: as the ety increased, response times tended
to increase. In the 3D audio condition, the post-éusalysis did not reveal a significant
difference between 18 and 27 degrees of eccengtircthe 3D audio condition, but the
remaining pairs (9, 18) and (9, 27) were founddaignificantly different (see Appendix
A). Essentially, targets at 18 degrees of ecceatytveere found as fast as targets at 27
degrees when 3D auditory cues were provided. Hsigltis compatible with the idea
that 3D audio was able to eliminate the effectaneatricity between 18 and 27 degrees,
a possibility suggested by previous research (Bagrott et al., 1990).

Session. The significant main effect of session, F(3,2831=534,p < 0.001,
indicates training (or practice) effects. As carsben in Figure 17, observers generally
became better at the task as they gained experiemgeving by an average of 200 ms
from the first to last session (see Figure 17).0atghoc analysis conducted on the session
levels revealed that only sessions 3 and 4 wersigoificantly different from one
another (complete post-hoc results for sessiostawa/n in Appendix C); thus, overall
performance did not appear to improve past the gession.

Session didhot interact with any other variable in the overaldlysis, which is
important to note in the case of auditory cues.eDles's appear to have been using the
3D auditory cues as effectively in the first sessas in the later sessions. In fact, the

average decrease in response times provided by@iD &elative to the no audio
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condition) was 450 ms in the first session and #%0n the final session. Thus, 3D audio

was able to provide an almost immediate benefibfahg the single training session
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Figure 17. The effect of session on mean response timas. cdlumn labels include mean response times,
and the error bars represenit standard error of the mean. Sessions Three amdviere not significantly

different from each other.

with 300 audio trials and the 50 warm-up trialst fw@@ceded each experimental
condition, and the benefit was present for eackigeshereafter. Virtual 3D auditory
cues were apparently intuitive, easy to use, apidiisalearned.
Individual Observer Analyses

The results obtained in the overall analysis wemny zonsistent across observers,
as shown in Table 1. All main effects of environm@uditory cue, eccentricity, and
session were significant at the alpha = 0.05 l&redvery observer, as were the two-way

interaction effects of environment by eccentrieihd audio by eccentricity. A few other
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higher-order interactions were significant for soobservers, but these were not

consistent across observers. In the overall arslise type of environment did not

interact with the presence of the auditory cue. elav, the two-way interaction effect of

environment by audiwas significant for four of the eight observers (sew Env x Aud

in Table 1).

Table 1

Sgnificant Effects by Observer

Observer
Source of Variation 1 2 4 5 6 7 8
Main Effects
Environment (Env) XX XX XX XX XX XX XX XX
Audio Cue (Aud) XX XX XX XX XX XX XX XX
Eccentricity (Ecc) XX XX XX XX XX XX XX XX
Session (Ses) XX XX XX XX XX XX XX XX
Interaction Effects
Env * Aud XX XX X XX
Env * Ecc XX XX XX XX XX XX XX X
Aud * Ecc XX XX XX XX XX XX XX XX
Env * Aud * Ecc X
Env * Ses XX
Aud * Ses XX
Env * Aud * Ses X X
Ecc * Ses
Env * Ecc * Ses XX
Aud * Ecc * Ses X

Env * Aud * Ecc * Ses

Note. The XX's denote p-values of less than 0.01;Xtsedenote p-values between 0.01 and 0.05.

Subsequent analysis of the four observers who sthavsignificant environment

by audio interaction revealed that 3D audio wase beneficial in dynamic
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environments than in static environments (see Eid8). For these observers, the
difference between the no audio and 3D audio resptimes was much larger in the
dynamic environments, but a beneficial effect of@idlio was still present in the static

environments.
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Figure 18. Mean response times by observer, environment, aditioay cue for the four observers who
showeda significant interaction between environment and auditory cues. The bas representt+

standard error of the mean.

For the four observers who showed no environmeraualyo interaction, 3D

audio reduced response times by similar amourtstim environments (see Figure 19).
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Thus, for these observers, 3D audio provided asrhetp in dynamic environments as

in static environments.
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Figure 19. Mean response times by observer, environmedtaaditory cue for the four observers who

showedno interaction between environment and auditory cues. The &ams representttstandard error

of the mean.

Analysis of Direction of Target Motion

A separate analysis was performed using onlystitathe dynamic environments.
This exclusion of static trials was necessary @n@re what effect (if any) the direction
of target motion had on response times. Againtdhget starting location was excluded
to avoid confounding eccentricity with location.tlmis analysis, the independent
variables under investigation were auditory cuegeatricity, session, and direction of

target motion. Although there were eight possiliteations of movement in the
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experiment (up, down, left, right, and the fouriqbés between them), each direction
was grouped into one of three levels: horizontattigal, or oblique motion. Grouping in
this manner avoided problematic instances wheaeget started moving in one direction,
then “bounced-off” the edge of the image usingistialphysics to stay within the display
area before being detected. In other words, bygusiis grouping, horizontal motion was
always horizontal motion, vertical was always \e&tj and oblique was always oblique.

Consistent with the overall analysis, there wegaificant main effects of
auditory cue, eccentricity, and session, and afsgnt interaction effect of auditory cue
and eccentricity. There were three significant@fenvolving the direction of target
motion: the main effect of direction of motion; timeraction of motion and auditory
cues; and the interaction of motion and eccenyri€nly the main effect of direction and
its interaction with auditory cues will be discuggarther, although the complete
ANOVA tables are presented in Appendix D.

The main effect of direction of target motion wag#icant, F(2,14) = 293.91%
< 0.001 (shown in Figure 20). In general, respdamses for the horizontally-moving
targets were fastest, response times for verticatlying targets were slowest, and
response times for obliquely-moving targets fetileen the two. Post-hoc analysis
revealed significant pairwise differences betweenzontal, vertical, and oblique
directions of motion (see Appendix E).

The significant interaction effect of directiontafget motion by auditory cues
revealed a similar pattern to the main effect, {2~ 42.060p < 0.001. As shown in

Figure 21, response times in both auditory condgiwere fastest for horizontally-
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Figure 20. The effect of direction of target motion on measponse times. The column labels include

mean response times, and the error bars represestandard error of the mean.
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Figure 21. The effects of direction of target motion andigary cues on mean response times. The

column labels include mean response times, andrte bars representl+standard error of the mean.
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moving targets and slowest for vertically-movinggets, with obliquely-moving targets
falling between the two.

Note that in the no auditory conditions, the di@ttof motion greatly influenced
response times, which was unexpected. It would\eErainteresting and important
result to find that the direction of the movingger truly had such an effect on unaided
search times. However, the effect that we foundpvabably due to an unintended
artifact on the visual display. For the moving &g there was a “blurring” of the gap,
which was always present for vertically moving &tegand partially present for obliquely
moving targets, but not present at all for horiatlgtmoving targets. This confounding
factor could easily explain why the direction oé tlarget motion effected response times
in the no audio conditions. So instead of varyintyahe direction of target motion, we
also inadvertently manipulated the visibility oéttarget.

Despite this confounding factor, it seems apparem our results shown in
Figure 21 that, in the no audio conditions, targetsing vertically were more difficult to
find than obliquely moving targets, which were mdiiéicult to find than horizontally
moving targets. Thus, in this analysis, the dimctf target motion could be considered
as an “index of difficulty.” Keeping this in minthe results show that 3D audio was able
to temper the added difficulty of finding targetewvimg in particular directions. Under
the easiest dynamic condition (targets moving loortally), 3D audio reduced search
times by 280 ms (17%). Under moderate difficulargets moving obliquely), 3D audio
reduced search times by 430 ms (23%). Under the difisult dynamic condition

(targets moving vertically), 3D audio reduced skdnmes by approximately one second
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(34%). These results, in concurrence with previeggarch (e.g., Bolia et al., 1999),
suggest that the benefit of 3D audio grows withdtifeculty or complexity of the search.
Analysis of Target Sarting Location

To investigate the target’s starting location (ogle) relative to the fixation cross,
equal numbers of eccentricities were needed at @agle to avoid confounding
eccentricity with angle. Therefore, this analysisleded trials with starting points at 27
degrees of eccentricity so that the same numbecadntricities were present for each
level of the starting location angles. There weghtepossible angles for target starting
locations (relative to the fixation cross): 0°, 490°, 135°, 180°, 225°, 270°, and 315°.
These eight angles were grouped into three letielszontal (0° and 180°), oblique (45°,
135°, 225°, and 315°), and vertical (90° and 2&3°$hown in Figure 22. The
independent variables were environment, auditoey eacentricity, and angle of the

target starting location; the session variable xaduded from this analysis.
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Figure 22. In the analysis of angle of target starting taog only trials with target starting positions @t
or 18 degrees of eccentricity were included (posgiat 27 degrees of eccentricity were excludéi)e

eight angles were grouped into three levels: hotapvertical, and oblique.
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Results in this amended analysis were similahéootverall analysis: there were
significant main effects of environment, auditonecand eccentricity, and interaction
effects of environment by eccentricity and audicebygentricity (see Appendix F for a
complete ANOVA table). There were several signifitcaffects involving the angle of
the target’s starting location. The main effecangle of target starting location was

significant, F(2,14) = 30.79p,< 0.001 (shown in Figure 23). This result revelast
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Figure 23. The effect of the angle of target starting lamabn mean response times. The column labels

include mean response times, and the error barssemt 4 standard error of the mean.

response times were fastest for targets appeatrimép@rizontal angle (1.34 s) and
slowest for targets starting at a vertical anglé({Xs). Response times for targets
appearing at an oblique angle fell between horedaartd vertical angles (1.46 s). Post-

hoc analysis of the main effect of starting locatievealed significant pairwise
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differences between horizontal, oblique, and valtamgles of target starting location
(see Appendix G).

In addition, there were significant interactioneeffs of environment by target
angle, F(2,14) = 4.094,= 0.040, audio cue by target angle, F(2,14) =&2,.0< 0.001
(shown in Figure 24), and audio cue by eccentrigityarget angle, F(2,14) = 11.9395
0.001. The benefit provided by 3D audio (i.e., difeerence between the no audio and
3D audio conditions) is largest for targets appepét a horizontal angle (400 ms or
26%) and smallest for targets appearing at a \&riicgle (250 ms or 15%). The benefit
provided by 3D audio for targets appearing at digqob angle again fell between these
two results (270 ms or 17%). Post hoc analysisaledesignificant pairwise differences
between horizontal, oblique, and vertical angletagjet starting location for both audio

conditions.
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Figure 24. The effects of the angle of target starting fmraand auditory cues on mean response times.

The column labels include mean response timesttendrror bars represent standard error of the mean.
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It is not immediately clear why the angle of they&'s starting location affected
response times in the no audio conditions. We betighat when no auditory cues were
given, search times should have been unaffectedebgingle of the target’s starting
location. We speculate that this finding reflecteradency for observers to start their
search with eye movements to the left or rightof@sosed to up or down). This tendency
could reflect a general bias in human search behé@viegaw & Richardson, 1979), but
more likely it is due to the fact that the displesed in this experiment was wider
horizontally than vertically, creating more targ#drting positions left/right than up/down
(see Figure 5). Thus, observers had a higher chafreg@tting the target with immediate
left/right eye movements, and they may have addpieid search strategy accordingly.

It seems clear, however, why the benefit providg@D audio depended upon the
location of the target. Previous research has tegbasuggested that the localization of a
sound on the horizontal axis is relatively pretiseause the interaural time and intensity
level differences (ITD and ILD) are especially rebaues for localization (Wightman &
Kistler, 1993). In contrast, localization of soundshe vertical dimension is less precise
because the only available cues to elevation aetisgd changes caused by reflections of
a sound off of the head, neck, shoulders, torsbcaer ear (pinnae). In fact, Grantham
(1986) measured the minimum audible angle (MAALhi& horizontal dimension at about
1 degree, while Perrott and Saberi (1990) meagheMAA in the vertical dimension at
about 4 degrees.

Thus, both theory and experimental results sughesthe information about the
elevation of a sound is generally more ambiguoaa the information about the azimuth.

In the present study, the use of HRTFs that wetepecific to each observer could also
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have exacerbated the difficulty of finding vertitaitgets using virtual sound cues.
Indeed, Wenzel, Arruda, Kistler, and Wightman (19@8ind that using non-
individualized HRTFs resulted in distorted perceps$ of elevation. These considerations
imply that 3D auditory cues should be most effector targets located at a horizontal
angle, less effective for targets at oblique anghdsch contain a mixture of both
horizontal and vertical location information), dedst effective for targets located at a
vertical angle (which contain only vertical infortia). Indeed, the results showed

precisely this effect.
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V. CONCLUSIONS AND FUTURE RESEARCH

Before conducting this research, we were unsurd effect 3D audio would
have upon visual search performance in a dynamica@ment when compared to a
static environment. Previous research and theaggested at least two possibilities. One
possibility was that 3D audio would be even monedbeial in dynamic environments
than in static environments, due to the addedadiftfy of searching for a moving target
hidden among moving distractors; the research a4k al. (1999) showed that 3D
audio tended to provide a larger benefit as thechadifficulty was increased. An
alternative possibility was that the poorer locati@an accuracy for moving auditory cues
(Grantham, 1994) would translate into a reducechieof 3D audio in dynamic
environments. In either case, we suspected thatRip would at least provide some
benefit in dynamic environments.

The results of this experiment clearly show thate®ldio cues can be just as
effective (if not more so) in dynamic environmeassin static environments. In fact, a
beneficial effect of 3D audio was found fat participants, in both static and dynamic
environments. These results allow designers arghrelsers to more confidently assume
that the conclusions drawn from research in s&atiaronments will indeed transfer to
environments with moving stimuli.

The results also show that 3D audio can be effedtr visual cuing even in

relatively small search areas (in this study, #erch area was 60 degrees horizontal by
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47 degrees vertical). In addition, 3D audio wasex#ective at reducing search times
within 9 degrees of the fixation point. These reswund the results of previous
researchers (e.g., Perrott et al., 1990), makewilban attractive option for cuing on
personal computer displays, control panels, wakats, and in other unique operating
systems.

The ability of 3D auditory cues to provide evenages benefits as the search
difficulty increases (i.e., with larger effectiveasch areas or with moving targets and
distractors) suggests that auditory cuing could/@rspecially useful in complex
operating environments. Under the most difficulditions (i.e., searches for vertically
moving targets), 3D audio was able to reduce resptimes by about one second. In
time-critical operating environments, such as caskground-vehicle crew stations,
command and control workstations, and other myliearvironments, a single second can
mean the difference between life and death.

In this experiment, the 3D auditory cues were digptl to observers with a single
set of HRTFs that were not their own. Yet, evergasber was able to readily use the 3D
auditory cues as an effective search aid. Thigrigpdnplies that investigators and
designers hoping to use virtual audio may not rieeabtain individualized HRTFs for
each operator, which may be technically or econaltyiinfeasible. The observers
seemed to perform very well using non-individuadiz¢RTFs, but further research is
necessary to clarify this issue.

The lack of an interaction effect between the @mugicue and session variables
shows that observers were able to effectively heauditory cues almost immediately.

Indeed, 3D audio was just as effective in the Bestsion as the last. The relatively short
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training sessions (300 practice trials with augitomes plus 50 trial warm-ups before
each experimental condition) were apparently endagtilow efficient use of 3D audio.
This finding is important for designers and reskars who might worry about how much
training with 3D audio is appropriate. Howevergmains unclear exactly how much
training is necessary or optimal; again, furtheesech is needed to clarify this issue.

Although the overall results of this experiment suggestive in terms of the
usability of 3D audio, the lack of research in tea concerning dynamic search
environments makes it difficult to predict how atineanipulations might affect
performance. These manipulations could includeingrihe speed of the target, the
number of distractors, the size or complexity & tsual target, the number of targets,
the types of motion, types and characteristicauditary cues, or the size of the search
area. Since 3D audio could prove especially usefalilitary environments, further
research could also examine the effects of 3D aoididynamic visual search while
wearing ear protection, helmets, head-mounted aysgiHMDs), or night-vision goggles
(NVGSs). The effect of auditory noise (which is presin practically every real-world
environment) on aurally-aided dynamic visual seanight also prove to be a fruitful
research area. In addition, consider that in mpstating environments the auditory
channel may already be in use by voice communicstow other auditory displays, so
knowing how these interact with spatial auditorgpdiays may be critical.

Current applications of 3D audio technologies arplicitly based on the
assumption that the previous results shown initeeture will remain valid in more
complex operating environments, despite the traeste of the technology from static to

dynamic environments. Although many future researgkstions remain, the present
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research suggests that this assumption of tramgferis warranted, and that 3D auditory

technology will likely prove extremely beneficial bperators in dynamic environments.
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APPENDIX A
Overall Analysis: ANOVA Results

Table A1

Overall Analysis: ANOVA Results

Sum of Mean

Source Squares df  Square F Sig

Environment (Env) 57.288 1 57.288 330.654 .000
error 1.213 7 173

Audio Cue (Aud) 51.307 1 51.307 97.595 .000
error 3.680 7 526

Eccentricity (Ecc) 311.585 2 155.793 153.823 .000
error 14.179 14 1.013

Session (Ses) 8.860 3 2.953 31.534 .000
error 1.967 21 .094

Env * Aud .254 1 .254 1.801 221
error .986 7 141

Env * Ecc 5.112 2 2.556 42.143 .000
error .849 14 .061

Env * Ses .024 3 .008 .148 .930
error 1.135 21 .054

Aud * Ecc 21.025 2 10.512 96.822 .000
error 1.520 14 .109

Aud * Ses .066 3 .022 .567 .643
error .819 21 .039

Ecc * Ses .453 6 .076 2.141 .069
error 1.482 42 .035

Env * Aud * Ecc 114 2 .057 1.889 .188
error 421 14 .030

Env * Aud * Ses .003 3 .001 .023 .995
error .823 21 .039

Aud * Ecc * Ses .187 6 .031 916 493
error 1.429 42 .034

Env * Aud * Ecc * Ses 1.168 6 .011 .385 .885
error 1.213 42 .028

Note: Error terms were calculated using the variabpasticipant interactions.
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Table A2

APPENDIX B

Levels of the Main Effect of Eccentricity

Post-hoc tests on eccentricity using the Games-Hoegt

Eccentricity Eccentricity Mean Difference

I J (1-J) Std. Error Sig
9 18 -.2288 .00330 <.001
9 27 -.2655 .00335 <.001
18 9 .2288 .00330 <.001
18 27 -.0367 .00322 <.001
27 9 .2655 .00335 <.001
27 18 .0367 .00322 <.001
Table A3
Levels of Eccentricity in the Static Condition
Eccentricity Eccentricity Mean Difference
I J (1-J) Std. Error Sig
9 18 -.2481 .00361 <.001
9 27 -.3035 .00384 <.001
18 9 .2481 .00361 <.001
18 27 -.0554 .00399 <.001
27 9 .3035 .00384 <.001
27 18 .0554 .00399 <.001
Table A4
Levels of Eccentricity in the Dynamic Condition
Eccentricity Eccentricity Mean Difference
I J (1-J) Std. Error Sig
9 18 -.2090 .00518 <.001
9 27 -.2269 .00519 <.001
18 9 .2090 .00518 <.001
18 27 -.0179 .00485 .001
27 9 .2269 .00519 <.001
27 18 .0179 .00485 .001
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Table A5

Levels of Eccentricity in the No Audio Condition

Eccentricity Eccentricity Mean Difference

I J (1-J) Std. Error Sig
9 18 -.2719 .00497 <.001
9 27 -.3420 .00488 <.001
18 9 2719 .00497 <.001
18 27 -.0700 .00457 <.001
27 9 .3420 .00488 <.001
27 18 .0700 .00457 <.001
Table A6
Levels of Eccentricity in the 3D Audio Condition
Eccentricity Eccentricity Mean Difference
I J (1-J) Std. Error Sig
9 18 -.1854 .00417 <.001
9 27 -.1881 .00402 <.001
18 9 .1854 .00417 <.001
18 27 -.0027 .00380 .759
27 9 .1881 .00402 <.001
27 18 .0027 .00380 759
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APPENDIX C
Post-hoc tests on session using the Games-Howgell te

Table A7

Levd s of the Main Effect of Session

Mean Difference

Session | Session J (1-J) Std. Error Sig
1 2 .0170 .00446 .001
1 3 .0430 .00444 <.001
1 4 .0510 .00441 <.001
2 1 -.0170 .00446 .001
2 3 .0260 .00444 <.001
2 4 .0340 .00441 <.001
3 1 -.0430 .00444 <.001
3 2 -.0260 .00444 <.001
3 4 .0080 .00439 262
4 1 -.0510 .00441 <.001
4 2 -.0340 .00441 <.001
4 3 -.0080 .00439 262
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Table A8

APPENDIX D
Analysis of Direction of Target Motion: ANOVA Ressl

Analysis of Direction of Target Motion: ANOVA Results

Sum of Mean

Source Squares df Square F Sig

Audio Cue (Aud) 28.425 1 28.425 56.973 .000
error 3.493 7 499

Eccentricity (Ecc) 103.294 2 51.647 124.823 .000
error 5.793 14 414

Direction (Dir) 47.257 2 23.629 293.915 .000
error 1.126 14 .080

Session (Ses) 4.553 3 1.518 14.702 .000
error 2.168 21 .103

Aud * Ecc 7.728 2 3.864 45.468 .000
error 1.190 14 .085

Aud * Dir 3.846 2 1.923 42.060 .000
error .640 14 .046

Aud * Ses .053 3 .018 .389 .762
error .959 21 .046

Ecc * Dir 14.286 4 3.571 58.464 .000
error 1.711 28 .061

Ecc * Ses 428 6 .071 1.971 .092
error 1.520 42 .036

Dir * Ses 154 6 .026 .812 .566
error 1.323 42 .031

Aud * Ecc * Dir .261 4 .065 2.320 .082
error .787 28 .028

Aud * Ecc * Ses .052 6 .009 .228 .965
error 1.614 42 .038

Ecc * Dir * Ses .250 12 .021 715 732
error 2.450 84 .029

Aud * Ecc * Dir * Ses .240 12 .020 .584 .849
error 2.880 84 .034

Note: Error terms were calculated using the variabpasticipant interactions.
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APPENDIX E
Post-hoc tests on direction of target motion usigGames-Howell test

Table A9

Levd s of the Main Effect of Direction

Mean Difference

Direction |  Direction J (1-J) Std. Error Sig

horizontal oblique -.0512 .00521 <.001

horizontal vertical -.1866 .00653 <.001
oblique horizontal .0512 .00521 <.001
oblique vertical -.1354 .00582 <.001
vertical horizontal .1866 .00653 <.001
vertical oblique .1354 .00582 <.001
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APPENDIX F
Analysis of Target Starting Location: ANOVA Results

Table A10

Analysis of Target Sarting Location: ANOVA Results

Sum of Mean

Source Squares df  Square F Sig

Environment (Env) 52.456 1 52.456 439.311 .000
error .836 7 119

Audio Cue (Aud) 14.088 1 14.088 39.547 .000
error 2.494 7 .356

Eccentricity (Ecc) 187.535 1 187.535 150.770 .000
error 8.707 7 1.244

Angle (Ang) 14.073 2 7.036 30.791 .000
error 3.199 14 .229

Env * Aud .448 1 448 4.306 .077
error .728 7 .104

Env * Ecc 1.452 1 1.452 17.478 .004
error .582 7 .083

Env * Ang .549 2 275 4.094 .040
error .939 14 .067

Aud * Ecc 7.254 1 7.254 35.738 .001
error 1.421 7 .203

Aud * Ang 1.371 2 .685 22.067 .000
error .435 14 .031

Ecc * Ang .351 2 176 2.571 112
error 957 14 .068

Env * Aud * Ecc .000 2 .000 .004 .954
error .158 14 .023

Env * Aud * Ang 241 2 121 1.971 176
error .856 14 .061

Aud * Ecc * Ang .645 2 .322 11.939 .001
error .378 14 .027

Env * Aud * Ecc * Ang 147 2 .073 2.174 151
error 473 14 .034

Note: Error terms were calculated using the variabpasticipant interactions.
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APPENDIX G
Post-hoc tests on angle of target starting locaiging the Games-Howell test

Table A11

Levels of the Main Effect of Angle

Mean Difference

Angle | Angle J (1-J) Std. Error Sig
horizontal oblique -.0411 .00459 <.001
horizontal vertical -.0838 .00531 <.001

oblique horizontal 0411 .00459 <.001

oblique vertical -.0427 .00457 <.001
vertical horizontal .0838 .00531 <.001
vertical oblique .0427 .00457 <.001
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