Adapting to supernormal auditory localization cues.
I. Bias and resolution
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Head-related transfer functiodslRTF9 were used to create spatialized stimuli for presentation
through earphones. Subjects performed forced-choice, identification tests during which allowed
response directions were indicated visually. In each experimental session, subjects were first
presented with auditory stimuli in which the stimulus HRTFs corresponded to the allowed response
directions. The correspondence between the HRTFs used to generate the stimuli and the directions
was then changed so that response directions no longer corresponded to the HRTFs in the natural
way. Feedback was used to train subjects as to which spatial cues corresponded to which of the
allowed responses. Finally, the normal correspondence between direction and HRTFs was
reinstated. This basic experimental paradigm was used to explore the effects of the type of feedback
provided, the complexity of the simulated acoustic scene, the number of allowed response positions,
and the magnitude of the HRTF transformation subjects had to learn. Data showgl] #iétough
subjects may not adapt completely to a new relationship between physical stimuli and direction,
response bias decreases substantially with training,(2nthe ability to resolve different HRTFs
depends both on the stimuli presented and on the state of adaptation of the subjek998©
Acoustical Society of AmericBS0001-496628)03306-2

PACS numbers: 43.71.Hw, 43.72.Ew, 43.66 [@®HD]

INTRODUCTION raising the difference spectrum to a power greater than one,
e.g., see Durlach and PaftP86 and Van Veen and Jenison

Many recent studies have investigated the utility of so- -
phisticated auditory display techniques for presenting infor-(lggm’ and emphasizing cues that are thought to relate to

mation to human operators. In particular, the maturation o{he per(_:eptlon of source distance. . . ,
auditory spatial display technologies over the last decade has . .Wh”e such approach.es.should clearly_lmprove subjects
enabled spatial auditory cues to be presented to operato%’IIIty to resolve SOurces in Ind-type e>_<per!ments, the effects
involved in a variety of everyday taske.g., see Durlach, of such cue mamp'ullatl.on on resplu'uqn in other types of
1991; Smith, 1991; McKinley and Ericson, 1992: Begau“,tasks_(such_as |_dent|f|cat|on tasks in which a Iarger range of
1993a, 1993b; Ericson, 1993; Begault and Pittman, 1994Physmal stimuli are presentedr on response plas are not
Begault, 1995; Begaulét al, 1995: Shinn-Cunningham and V\{eII understqod. In general, the ap.par.ent Iocatlon.ofasogrce
Kulkarni, 1996. Most of these studies have examined theSimulated with supernormal localization cues will be dis-
utility of presenting auditory spatial cues, rendered as realisPlaced from its desired location when a naive listener is first
tically as is practical, compared to presenting the same infor€*P0sed to such cues. The degree to which such errors can be
mation without such spatial cues. overcome with training is a measure of how well subjects
A previous papefDurlachet al, 1993 pointed out that “adapt” to the given sensorimotor spatial discrepancy.
the normal human auditory system has relatively poor spatial ~ Previous studies of sensorimotor adaptation have fo-
resolution and that it should be possible to improve perforcused on how mean response affected by discrepancies be-
mance by synthesizing “supernormal” localization cues thattween localization cues from one modality versus other mo-
are not constrained by the laws of physics which determindlalities. However, no previous studies have examined the
normal localization cues. More specifically, it should be pos-effect of adaptation on resolution, nor taken into account
sible to design localization cues that span a larger range d¥hether changes in mean response are significant relative to
just_noticeab|e difference@nd’s) than do normal cues, and the variability in subject responses. In addition, most sen-
thereby allow listeners to improve their ab|||ty to resolve sorimotor adaptation work is qualitative rather than quantita-
nearby spatial positions. A number of approaches for creattive, and thus is of limited use in trying to develop a quan-
ing supernormal auditory localization cues were discusseditative description or model of adaptation. General
including simulating localization cues from a larger-than-background on adaptation can be found in Welt&78 and
normal head, remapping the relationship between normal loWelch and Warrer{1986.
calization cuegi.e., normal HRTFsand the corresponding The main goal of the current experiments was to deter-
spatial directions to create regions of supernormal spatiahine the extent to which adaptation to supernormal localiza-
acuity, increasing interaural differencgfr instance, by tion cues is achievable. In addition, experimental conditions
were designed to examine how a variety of experimental
dCurrent address: Boston University, Department of Cognitive and Neurara'ctors(whICh have previously been shown to affect different

Systems, Room 311, 677 Beacon St., Boston, MA 02215. Electronic mail@SPects of spatial perceptiomight affect how subjects adapt
shinn@cns.bu.edu to such altered cues.
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While previous studies provide few quantitative mea-
sures of adaptation, many such studies suggest that one of
the most important factors affecting adaptation is the type of
exposure to the rearranged spatial cues that the subjects re-
ceive. In particular, active motor tasks generally yield more
complete adaptation than comparable experiments with pas-
sive exposure to the rearrangeméRteedman and Zacks,
1964; Pick and Hay, 1965Two different types of feedback
are investigated in the current study in order to determine
how active motor involvement affects adaptation in our ex-
perimental paradigm.

Other studies of spatial perception have shown that the
complexity of the visual or acoustic field can affect the per-
ception of source motion. For example, if a single point light
source is seen to move around a subject in an otherwise dark source azimuth 0 (degs)
room, the subject perceives himself to be stationary and the _ , _
Sourre to be moving. However,if multple lights move with 115, 1 Pl f ' fani o hntiont () used 1o varsior sudtory
a fixed angular velocity around a stationary subject, the Subsynthesized using the HRTF that normally corresponded to the position
ject perceives himself to be rotating within a fixed room f,.(6).

(Lackner, personal communicatiprin our studies, results

when subjects are presented with an acoustic field on-  sponse variability is large, the relative importance of a given
going, stationary sources in addition to the taygee com-  magnitude error is much less than if response variability is
pared to results from an experiment in which only the targegmall. The ability to resolve adjacent stimulus positions was
source is presented. measured in order to gain insight into whether better-than-

The degree to which different stimuli can be resolved isnormal resolution is achievable in a localization task using
determined in part by the range of target stimuli presented iBupernormal cues. Estimates of the standard psychophysical
an experimentDurlach and Braida, 1969 The effect of metricd’ (again, a measure with units in standard devigtion
stimulus range on resolution is examined by comparing rewere found for adjacent stimulus positions to summarize
sults in adaptation experiments using a stimulus range of 12f:solution.
degrees compared to a range of 60 degrees.

Finally, the strength of the cue rearrangement is system-
atically varied in order to examine how the rate and degreé‘ SUPERNORMAL CUES
of adaptation depend upon the quantitative strength of the Supernormal localization cues were created in this study
change in acoustic localization cues and the overall range dfy remapping the relationship between source position and
cues presented. normal head-related transfer functions, or HRTFs. Normally,

In the current study, subjects were asked to adapt tto simulate a source at azimuthand elevationp, one sim-
supernormal remappings of auditory localization cues. In theply uses the empirically measured HRTF for that direction,
experiments described, subjects are first tested with “norelenoted in the frequency domain b{(w,8,$), where w
mal” localization cues to yield baseline measures, then withdenotes angular frequency. In the current study, the corre-
the “supernormal” cues to examine how performancespondence between HRTFs and azimuth values was
changes as subjects adapt. Finally, at the end of each experemapped such that the HRTF used to simulate a source at
mental session, subjects are retested with the “normal” cueposition[ 6,¢p] was given by
to look for any aftereffects in performance that may result , _
from the training with the supernormal cues. Two quantita- H'(0,6,4)=H(w.Tn(6).4). @
tive measures were used to track how subject performandé the current study, the family of mapping functiohg 6)
changed over the course of the experimental session.(8ias used to transform azimuth cues is given by
measure of response error in units of standard deviation in 1 . 2n sin (26)
subject respongewvas used to measure the degree to which . (6)= = tan” ,
subjects adapted to the supernormal cues. While bias is re- ot 2 1=n+(1+n%)cos(26)
lated to the error in mean response, the measures are nahere the correct response azimuth is givendyin other
equivalent. In particular, since bias is measured in units ofvords, in the altered-cue situation, the HRTF associated with
standard deviation, the absolute magnitude of response errdré ¢] was equal to the HRTF normally associated with
cannot be determined from bias results. As a metric, biagf,(6),¢]. The parameten in Eq. (2) corresponds to the
describes the magnitude of response errors relative to theope of the transformation af=0. With this function
variability in subject responses; thus, a decrease in bias couldhown in Fig. 1 for different values af), the HRTFs used
result either from a decrease in absolute error or an increage generate stimuli are displaced laterally relative to the
in variability. In the current study, bias is examined insteadHRTFs normally used to present normal spatial sounds from
of mean response error in order to quantify the importance othose locations. The differences in localization cues for two
errors relative to response variability. In particular, if re- positions in the frontal region are larger than normal with

1,(6) (degs)
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this remapping, while two positions off to the side would jective impressions of realism or source externalization.
give rise to more similar cues than are normally héatg. a The described approach to generating supernormal lo-
result, subjects were expected to show better-than-normaklization cues has the disadvantage that better-than-normal
resolution in the front and reduced resolution on the sideresolution is not possible for all locations around a listener;
creating an enhanced “acoustic fovea” toward the front infor positions wherelf,,6/d6<1 (sources off to the side with
which supernormal auditory localization could occur. In ad-n>1), the transformation actually results in subnormal local-
dition to affecting resolution, however, this transformationization cues. One approach to generating supernormal local-
was expected to cause a bias whereby sources were pération cues for all positions around a listener would be to
ceived farther off-center than were their “correct” locations. use HRTFs from a larger-than-normal hepal practical
If the same family of transformations is used witk1, the  method for approximating such HRTFs is discussed in
opposite would be true: sources heard in front of the listeneRabinowitzet al. (1993 ]. However, even this approach has
would have smaller-than-normal differences in localizationits drawbacks. In particular, with such an approach, localiza-
cues and sources off to the sides of the listener would havéon cues are not consistent with any normal-cue source po-
larger-than-normal differences. The experiments discussed @ition. As a result, source images may be broad, diffuse, and
the current paper used values ¥ 1 (normal cues, or no difficult to localize. This problem may be particularly true
transformatiol, 2, 3, and 4 The main questions of the study for sources off to the side since the interaural differences
concern the extent to whictl) bias could be eliminated by caused by such sources would be outside the range of inter-
subjects over time such that subjects interpreted the new r@ural differences normally experienced. In contrast, although
lationship between HRTF and spatial location accuratelysupernormal localization cues are only present for a limited
and (2) resolution was enhanced in the “acoustic fovea” range of directions in the current experiments, the sounds
with the transformed cués. should be spatially compact and easy to localize.
Generating supernormal cues by remapping which
HRTF corresponds to which direction has the advantage that. GENERAL METHODS
subjects should hear a compact source image for every POR- subiects
sible source position, because all localization cues are con-’ :
sistent with a normal source from some positjitive position Subjects were recruited through the student employment
f,(6)]. In other words, ignoring intersubject differences, allagency at MIT. They were 18-28 years in age and either
localization cues at all frequencies are consistent with a noMIT students or related family members. All subjects re-
mal sound source dt,(6); subjects do not have to learn to ported normal hearing and were able to perform the localiza-
interpret unusual combinations of interaural time, interauration tests employed in the study without difficulty. Different
level, and spectral cues. subjects were used in each of the seven experiments per-
Ideally, individualized HRTFs would be used to guaran-formed. The number of subjects completing a given experi-
tee a “realistic” and compact sound image; however, in thement was between 3 and(8ee Table Ill.
current study, a single, standard set of nonindividualized
HRTFs was used for all subjects. In general, the use of norB. Stimuli
individualized HRTFs may lead to mislocalizations in eleva-

tion, front/back confusions, and nonexternalized source im In all experiments, the target to be localized consisted of
’ . ’ L a periodic train of clickgwith a repetition rate of 10 clicks/s
ages, especially when head tracking is not emplojeed.,

. generated by a Krohn-Hite model 5300A function generator.
see Wenzeét al, 1993. In the current experiments, the re- A 500-ms-long rectangular envelope gated the click train off
. 120Mend on so that roughly 5 clicks were heard per stimulus in
tal front hemifield and front/back and up/down confusions,_ ..\ |ocalization trialdescribed in Sec. Il E belowin train-

cannot occur. In addition, the current experiments did no‘ng runs (also described belowthe click train was heard
depend upon the subjective externalization of sound Sourceéontinuously until the subject completed his response. In
the Ipcation dimen§ion of interesazimuth) does not rely. some experiments, background sources were heard in addi-
heavily on the portions of the HRTF that show greatest i, 5 the click-train target. These background sources came

tersubject variability, and the gross manipulations of HRTFs, commercially recorded audio tapes, and consisted of a
that were being studied should have a large effect on PerceRiok on tape(Auel, 1980 and classical musi¢Handel

tion of source azimuth compared to any relatively minor ef—1985 played from a Sony TCW490 tape deck.
fects caused by individual differences in HRTFs. Similarly,

since the main effect, that of radically altering the azimuthal
position of a source, should not show any bias due to an&'
consistent overall spectral cues, the HRTFs used to generate An auditory virtual environmenVE) was used to “spa-
stimuli were not equalized for the headphones used in th&alize” the acoustic stimuli in our experiments. The auditory
study. As a result, subjectively, sources were not always exXYE consisted of a Convolvotron processor using HRTFs
ternalized; however, the ability to adapt to the required mapfrom subject SDQmeasured and reported by Wightman and
ping of source cues to source location was not adverseliistler (1989], a commercial, electromagnetic head tracker,
affected by these subjective impressions. Finally, it shouldh controlling PC, and headphones. In any given experiment,
be noted that the focus of the current study is the ability ofeither the Isotrakfrom Polhemusor the Bird (from Ascen-
subjects to extract and use location information, not on subsion Technologigshead-tracking system was employgadr

Equipment
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FIG. 2. Block diagram of the auditory virtual environment used to simulate

acoustic sources. FIG. 3. Diagram of the visual display. Thirteen lights were positioned in

front of the listener, spaced at 10-degree intervals ranging fr@@ to + 60

. . degree azimuth.
all practical purposes, the two systems are interchangeable o

their performance characteristicsA 486-based PC con- . ) L

trolled the Convolvotron and the head tracker. The Convol@nswer feedback was given during localization test runs and
votron took monaural input stimuliwhich were amplified, N training runs were performede., the training consisted
antialiased signals from the sources described gbame  Of 9iving feedback during the test runs

created appropriate binaural signals to simulate the stimuli

from azimuthal locations specified by the controlling PC.1. Test runs

Figure 2 shows a block diagram of the auditory virtual envi-  |n each localization test run, subjects were presented
ronment. with a target stimulus simulated as coming from 1 of the 13

In most experiments, the binaural signals generated byossible locations marked by the visual display, chosen at
the Convolvotron were played out through Etymotic Re-random. Each of the possible locations was presented exactly
search 3A insert earphones with Bilsom earmuffs worn ovetwice in each run. For most experiments, all 13 positions
the earphones. The combination of insert earphones angere employed for a total of 26 trials per run; however, in
commercial hearing protectors helped to block backgrounéxperiment g4 only the middle 7 positiongpositions 4—
sounds from the subject during experiments. Taken togethe1,0) were used for a total of 14 trials per run. During the
the insert earphones and Bilsom earmuffs reduced soungfesentation of the target stimulus, subjects had to remain
reaching the subjects via direct paths by roughly 40-50 dBacing straight aheadwithin 3 degrees of 0 degrees azi-
across all audible frequencies. Experim&ptvas performed  muth). If the head tracker reported that the subject turned his
before the insert earphones were incorporated into the ekead off-center during a trial, that trial was thrown out and
perimental setup, using TDH-30 circumaural earphones. Ian additional trial was added to the run. In the test runs, the
this experiment, background sounds were not attenuatesibject entered a numbét—13 corresponding to his/her
well. However, as this caused little difference in the ob-pest guess as to the location of the stimulus by typing on a
served pattern of results, this difference is thought to be ofaptop computer keyboard following presentation of the tar-
little consequence. get. In experiments using correct-answer feedb@iperi-

A visual display, consisting of 13 lights on a 5-ft-diam ments B, Fayiq, Fo. Fia and Ry, the light at the correct
arc (every 10 degrees from 60 to +60 degrees azimuth  |ocation was lit for 500 ms after the subject responded. In
was located in front of the subjects at eye level throughouthese experiments, the correct-answer feedback was the only
the experiments. The lights, labeled 1-13 from left to right,information subjects received about the supernormal trans-
corresponded to the possible locations of the click-train tarformation employedsince no training runs were performed
get presented in the experimeritsee Fig. 3 This visual by the subjects In the remaining experiments, no feedback
display was used to present visual, spatial feedback about thgas given during a test rufinformation about the transfor-
simulated auditory sources used in the experiments. mation was obtained from the training runs, described be-

low). A new trial began 500 ms after the subject entered his
response to the previous trial.
D. Test procedure

Each subject performed eight identical test sessions oveq- raining runs
a period of between two to six weeks. Each session lasted In experiments in which no feedback was given during
roughly 2 h, and consisted of multiple runs separated by twaest runs(T,; and T), training runs were interspersed with
5-min breaks. Two types of experimental runs were usedtest runs. During training runs, both synthetic auditory and
localization test runs and training runs, described in detaiteal visual light sources were simultaneously turned on from
below. In the training experimentd, and Ty), no feedback 1 of the 13 possible locations, chosen at random. Subjects
was given during localization test runs, but training runswere instructed to turn their heads to face each audiovisual
were interspersed with the localization test runs. In the feedtarget. Once they faced the targetrned their head to within
back experimentdF;, Fsne F2, Fam and Ry, correct- 1 degree of the target locatiprthe light/sound source was
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TABLE I. Order of runs in experiments;and T;. Each run consisted either TABLE Il. Order of runs in Experiments 4 Fsnia, Fo, Faa @and R, Each

of training or testing[shown in column one The type of localization cues test run used either normal cues or supernormal cues as shown in columns
presented is given in columns twfor normal cuesand three(for super- two and three.

normal or altered cugs

Test runs Norm Super
Run type Norm Super
1-2 X
Test 1 X 3-10 X
Train X
Test 2 X break
11-32 X
break break
Test 3 X 33-40 X
Train X
Test 4 X
IL"’;TS ); tween test rungsee Table)l In the feedback experiments, 40
Train N localization test runs were performed, one after another. In
Test 6 X these experiments, 2 normal-cue tests were performed, fol-
lowed by 30 supernormal tests, and then 8 normal-cue tests
break . .
Test 7 X (see Table ). Two 5-min breaks were scheduled during each
Train X session for both types of experiments, as shown in the tables.
Test 8 X
Train x 4. Subject instructions
Test 9 X . . .
Train X Subjects were informed before the start of the experi-
Test 10 X ment that they would be hearing both “normal” and “trans-

formed” sound sources, and that the apparent location of
transformed sources might not correspond to the “correct”
turned off, a 500-ms pause occurred, and a new random ldecation. They were instructed to always try to localize the
cation turned on. Training runs lasted 10 min each, with asound sources correctly. Prior to the experiment, subjects
variable number of trialgusually between 30 and 60 and were given a list of the experimental runs, including infor-
determined by the speed with which subjects performed eadmation about when they would hear normal sounds and when
trial) performed in each run. In training runs, exposure to thehey would hear transformed sounds. In addition, prior to any
supernormal transformation entailed an active sensorimotathange of cue¢from normal to supernormal or from super-
task(turning to face the audiovisual targetVhen this train- normal back to norma| subjects were reminded that the
ing method was employed, subjects never received feedbadources were about to change, and that they should answer as
during the testing rungand thus received no explicit feed- accurately as they could for the current sources. Beyond be-
back regarding any errors made during the testing portion oihg told that sources were “transformed,” subjects were
the experimental sessipn given no information about how the apparent source location

might differ from the correct answer.
3. Run order

In each session, auditory sources were first synthesize%‘ Experimental conditions
using “normal” HRTFs, then synthesized using the “super- As mentioned above, the various experiments under-
normal” HRTF mapping, then synthesized with the normaltaken in this study were designed to probe some parameters
HRTFs again. In the training experiments, a total of ten lo-that might affect how quickly and completely subjects
calization test runs were performed in each session: twadapted to remapped localization cues. Table Ill summarizes
normal-cue runs, five transformed-cue runs, and then threthe important differences between the experiments. The ef-
normal-cue runs. The training runs were performed in befect of the complexity of the simulated sound field is shown

TABLE Ill. Summary of experiments performed. The altered-cue transformation “strer(gtéfined in Eq.

(2)] is given in the second column. The number of subjects who completed eight sessions is shown in column
3. The “Exp type” describes whether subjects were exposed to training runs or given correct-answer feedback
in order to cause adaptation. The number of source positions used in the experiment is given in column 5, and
the number of acoustic sources simulated in the experiamtet plus additional background sourcissgiven

in column 6. The head tracker used in the experiments is shown in the final column.

Exp n Subs Exp type Pos Sources Tracker
T, 3 4 training 13 1 Isotrak
Ts 3 8 training 13 3 Isotrak
Fs 3 5 feedback 13 3 Bird
Famid 3 4 feedback 7 3 Bird

F, 2 4 feedback 13 1 Bird

Faa 4 3 feedback 13 1 Bird

Fap 4,05 3 feedback 13 1 Bird
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by comparing results from experiments dnd T;. If a com- — ] ——2—3—»
plex sound field allows subjects to extract more information !
about the cue transformation than does a sound field consist-
ing of a single source, more complete adaptation might be
found in experiment Jthan in experiment I Comparisons
between results from experimentg dnd F; contrast the ef-
fects of active sensorimotor trainii@xperiment ) versus
correct-answer, cognitive feedba@xperiment k). Experi-
ments K and k., address the question of how the number :
of stimuli presented affects adaptation and resolution. Differ- : ‘ =
ent strength transformations were employed in order to o a(1y) alt,); «ll)
gather data that could lead to the development of a quantita- ¢ C,
tive model of the adaptation proce&®mparison of results Decision Variable
from experiments & F,, Fy, and ). Finally, experiment FIG. 4. Diagram of the assumed underlying decision space for a sample
F., was identical to experiment,fFexcept that subjects were three-alternative, forced-choice experiment. The abscissa corresponds to the
exposed to a transformation of strengtlkr 0.5 after expo- internal, _unidimensiona_l decision variab_(evhich i_S assumed to relate
sure to the supernormal transformation. This final experifnonotonically to the azimuth of the physical location cues presgnged!

. . . the ordinate shows the probability of hearing a given value of the decision
ment investigated whether exposure to an inverse transfofziaple, shown are three Gaussian distributions with meghg), a(l),
mation might allow subjects to readapt to normal localizationand «(1,), which result from the presentation of the three corresponding

cues more quickly than without explicit inverse training.  physical stimuli, I, 1, andl;. Note that it is assumed that the three
distributions have equal standard deviation. The internal decision axis is
broken into three contiguous regions by the placement of two critria
beledC; andC,). On a given trial, the subject is assumed to respond that he
heard stimulus if the value of the internal decision variable falls into the
. . ith contiguous regiofisee arrows at top of figureAs shown,C, is placed
AIthOUgh many experiments on adaptatlon to trans_optimally?, haIfwa;?bStween the meanspof thg gistributions fo? stir‘:wﬁnd
formed sensorimotor cues have shown that exposure on ONE resulting in a zero bias fo€,. HereC, is displaced from its optimal
day can affect performance on a subsequent @agy., See location, resulting in a nonzero bias 65 . This placement o€, will cause
Welch and Warren, 1980no such effects are seen in the the mean response to stimulusto be larger than 1, the “correct” answer.
current experiments. However, this may be due to the faclftesolutiqn betweep stimuli, and|, will be better than between stimulii
that there are too little data to show any significant effects. Iqandls’ since the distance betweaifl,) and a(l,) is larger than the dis-
) . . ance betweenlg), anda(l3).

any case, any differences from session to session were small
relative to the differences within a session. Thus, all the data
reported here were combined across the eight identical seSaussian decision variable was independent of the physical
sions performed by each subject. This resulted in 16 tffls stimulus presented in a rdrFinally, the mean of the Gauss-
trials from each of 8 sessionfor each position and run, for ian distribution was assumed to be monotonically related to
each subject. the “correct” response of the physical stimulus presented on
a given trial (specifically, the mean was assumed to vary
monotonically with the azimuth of the HRTF used in a given

We were interested in estimating how large subject retrial). These assumptions are consistent with standard
sponse errors were relative to the variability in subject re-decision-theory models of psychophysical tasks. Since the
sponses and how well subjects could distinguish stimuli fromhypothesized decision axis has arbitrary units, it can further

each other. Two metrics were used to summarize these quahe assumed without loss of generality that the standard de-

Probability

Ill. RESULTS AND DISCUSSION

A. Analysis

tities: bias and resolution. viation of the distribution is equal to one. Bias and resolution
A maximum likelihood method was used to estimateare given in units of standard deviation.
bias and resolution from the confusion matri¢pattern of With these assumptions, the bias for each response de-

responses observed for every possible physical stiméus pends on the placement of tiNe—1 criteria that divide the
each subject and ruicombining data across the eight experi- decision axis intd\ regions. If all stimuli are equally likely
mental sessionsThis approach assumed that each presentao be presented, subjects will maximize the probability of
tion of a physical stimulus gives rise to a random variableanswering correctly by placing theth criterion exactly half-
whose value falls along a unidimensional, internal decisiorway between the means of the distributions for kité and

axis (see Fig. 4 The mean of the random variable dependsthe (N+ 1)th stimuli(see Fig. 4° If the means of the distri-
upon which physical stimulus is presented. On each trial, théutions corresponding to the different stimuli are equally
subject decides how to respond based upon the value of thepaced along the internal decision axis, then this optimal
unidimensional decision variable; in particular, it is assumedlacement of the criteria will lead to mean responses which
that the decision axis is divided inté contiguous segments are roughly equal to the correct respofdgias can then be

by N—1 thresholdgor criterig) in order to decide which of defined as the difference between the optimal criteria place-
N possible stimuli was presented on that tridbr an  ment and the actual criteria placement, measured in units of
N-alternative, forced-choice experimgntt was further as- standard deviation. Errors in mean response arise when cri-
sumed that the decision variable has a Gaussian distributicieria are displaced from their optimal locatiofi®., when

for all physical stimuli, and that the standard deviation of thethere is nonzero bias
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The ability to resolve adjacent positions depends only or 2.4
the distance between the means of the corresponding disti 1.6
butions, measured in units of standard deviation in the dis *%
tributions (the standarci’ measure often used in psycho- = *9;’
physical experimenjs When the means of two physical | |
stimuli are relatively close, subjects will be less able to re- ., |
solve the stimuli from each other, independent of where cri- 2.4}
teria are placed. Similarly, when the means of two distribu- 1.6}
tions are relatively far apart, subjects will rarely confuse the °*f
two stimuli (see Fig. 4 o
In order to determine bias and resolution using this un- _; .| —s—
derlying model, the relative locations of tié—1 criteria 2.4 QTN
and the means of thi decision-variable distribution&or- 2479
responding to thé\ physical stimul] were estimated. These — '-°7a.
values were found using a gradient-descent algorithm whic\&_o'o_ >
maximized the likelihood of obtaining the actual confusion |
matrix observed in a given run. Estimates were made fo ¢
each subject and rufaveraging all data across the eight ex- 244 = —»1
perimental sessionsBias was estimated by subtracting the  -so-4c-20 0 20 40
estimated location of th&lth criterion from the average of source position (degrees)
the estimated means Of.the. distributions corres.po.ndirjg to theG. 5. Bias results for the seven experiments. In each panel, the average
Nth and (N+ 1)th stimuli (with the standard deviation in the estimated bias is plotted as a function of correct source pogitiategree}s
underlying distributions assumed equal to briResolution For each panel, bias was estimated for each subject and run in the experi-
timated b btracti th timated fXh ment and then averaged across all subjects in the experiment. Four runs are
was €s '_ma.e . y subtracting . € estimated mean o . € (plotted in each panel: the first run in the experim@ngen circlej the first
+1)th distribution from the estimated mean of tNéh dis-  run with the transformed cug®pen diamonds the final run with altered
tribution. This approach has previously been used to estimatees(filled diamonds, and the first normal-cue run following altered-cue
resolution in intensity experimentsippmannet al, 1976 exposurdfilled circles. In each panel, the legend details the strength of the
. .. N ) cue transformation employed in the norm@l-always equals)land altered-
All subjects showed similar patterns of results for both . runsin=2, 3, or 4.
bias and resolution. Thus, the results plotted below were
found by averaging bias and resolution across all subjects in

estimation, bias wiltendto be less than zero for position 1

an experiment. While the basic patterns of results were IOIer]"or the same reason, but the approach also takes into account

tical across SUb]eCtS’. there were dlffere_nces in the magn,e variability in subject responses in order to estimate bias.
tudes of the effects; in general, these differences were d

) . ) . - For this reason, the maximum-likelihood estimates are better
r_naln!y o d|fferenc§s in the mag”'?“de of the standard dev'aét dealing with edge effects and consequently are more ac-
tion in respoqges{l.e., some subjects showed greater re-. e, Only the maximum-likelihood estimates are pre-
sponse variability and consequently smaller overall bias anéented here.
resolution than did other subjetts

In addition to the above-described maximum-likelihood _
estimates, simple estimates of bias and resolution were con?: Bias
puted. With this approach, bias was determined simply by  The first test using normal cues was expected to show
subtracting the mean response from the correct response fiitle systematic bias since the cues presented were consistent
each position and normalizing the result by the experimentalith everyday experiencéat least within the limits of the
standard deviation in the response for that positi®esolu-  simulation method As such, they provided a baseline for
tion was determined by finding the difference betweenperformance. The first test with the transformed localization
means for adjacent stimuli, and normalizing by the geometricues was expected to show a strong bias whereby source
mean of the experimental standard deviations for those twipcations were heard farther off center than were their “cor-
positions. In general, this simple method gave results whichect” locations since the “correct” location was suddenly
were consistent with the more complex, maximum-and arbitrarily changed. After training with the altered cues,
likelihood method. However, the maximum-likelihood ap- bias was expected to decrease in magnitude for all positions.
proach partially compensates for inaccuracies inherent witlrinally, results from the first, posttraining, normal-cue test
this simpler method. For instance, in both cases, there will bevere expected to show eithét) a bias in the direction op-
an edge effect in estimating bias. In particular, estimated biagosite that shown when the transformed cues were first pre-
tends to be positive for the leftmost position and negative fosented(if changes in subject performance were unconscious,
the rightmost position because subjects could not responand therefore could not be immediately “turned off” by the
that a source was left of position 1 or right of position 13, listener following training or (2) little bias (if subjects were
even if a stimulus sounded far off to one side. With thecapable of consciously interpreting cues as either normal or
simple method for estimating bias, biasaisvaysless than or altered, as approprigte
equal to zero for position 1, since the mean response must be Figure 5 shows bias results as a function of source po-
greater than or equal to one. With the maximum-likelihoodsition for the seven experiments. Normal-cue runs are plotted

b) Exp T,

—

40-20 0 20 40

¢ 4 t ' 1 1
-40-20 0 20 40 60

.40-20 0 20 40 1-40-20 0 20 40 60
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with circles and solid lines; altered-cue runs with diamonds  Differences between experiments appear to depend
and dashed lines. The open symbols represent runs prior toainly on differences in the transformation employed. First,
altered-cue training while filled symbols correspond to re-examine results from experiments, 5, and F [panels(a),
sults from the tests following exposure to the altered cues. Ifib), and(c) in Fig. 5]. Results for these three experiments are
all experiments, four runs are plotted: the initial riwhich ~ roughly the same, despite the differences in the exposure
uses normal cugsrun 3, the first run with altered cues; the method (experiment T had only a single source on at all
final run with altered cuegun 7 in the training experiments, times, while experiment sTpresented two continuous back-
run 32 in the feedback experimehtsnd the first run with ground sources in addition to the target source in order to

normal cues following altered-cue exposuren 8 in the give a more complete auditory scene; experimentanid T,
training experiments, run 33 in experimentg Fsyg, Fo used active sensorimotor training, while correct-answer feed-

and R, and run 37 in experiment,p. back was used in experimens.FIn these three experiments,

Independent of the exact training method employed, thdh€ largest biases occur for positions-a80 and +30 de-
range of source positions presented, the number of sourc@§€es. Similar results are seen in experimepydtFig. S(d)],
simulated in the acoustic field, and the strength of the cu§XCept that the largest biases occur for sources Aedrand

transformation employed, bias results were similar. First of 20 degrees, slightly closer to the center position than oc-
all, in all experiments, bias results are roughly Ie1‘t—rightcurred with experiments,J T3, and k. This result is consis-

symmetrical, as expected. Since there is no reason to expeFt'::‘tnt with the fact that a smaller range of positions was used

asymmetrical results, the degree of left—right symmetry inin experiment Emia» SO that the edge effects were significant

the results is one measure of variability in estimates of bia for sources closer to the 0 degrees azimuth. In experiment F

Results from the first normal-cue ryopen circles showed S[Fig- 5e)], a less extreme transformation was employed. In

some bias, although these errors were much smaller thigls experiment, the largest biases occurred for source posi-

) . . . tions nearer to- 40 and+ 40 degrees. Once again, this result
those found in other runs. A strong bias occurred in the firs . . .
. . : L can be explained on the basis of the transformation em-
test with transformed cug®pen diamondsin the direction

dicted by the t ; " d the af tioned ed loyed. In this experiment, smaller biases are expected for a
predicted by the transtormation and the atorementioned edgg, oy goyree position than occurred in experiments Tk,

effect (subjects heard sources farther off-center than the nd K because the transformation was less extreme. In ad-

werg). Without these edge effects, one would expect bias t?ﬂition, the edge effects described above should affect fewer

increase monotonically with the magnitude of the source a?'bositions, since fewer sources will be heard outside of the

muth. Results for the test using transformed cues after traingoyed response range in this experiment. Finally, results
ing (filled diamond$ showed a clear reduction in bias over g experiments |, and Ry, [Fig. 5f) and (g)] show a
the whole range of positions tested; however, this adaptatio[&rger bias than the other experiments for the centermost
was not complete. In all experiments, the final bias whersoyrce positions. The largest biases occur for sources near
testing with altered cues is roughly one-third to half of the — 20 and+ 20 degrees. For these experiments, the more ex-
initial bias (compare filled to open diamondsFinally, @  treme cue transformation resulted in more sources falling
negative aftereffect is seen in the results from the finabutside the normal range of source positions, so that a larger
normal-cue test following exposu(glled circles, indicating  number of sources were affected by the edge effects. Any
that performance was not controlled solely by conscious cordifferences between the results for experimentg(iR which
rection which could be easily “turned off” at will. normal cues were presented in runs 33}-ad K, (in which

In general, the four runs plotted in Fig. 5 summarize thea transformation of 0.5 was used in runs 33—36 and normal
important aspects of performance across all runs. In particleues were presented in runs 3734bould be evident by
lar, these runs show the starting and ending points for pereomparing the final, normal-cue run resulfsled circles.
formance as subjects adapt to the transformation in localizaHowever, any such differences are small relative to the vari-
tion cues. Intermediate runs, which are not shown in Fig. 5ability seen in the results.
show intermediate levels of performance changing from the
initial to the final results shown in Fig. 5. It is important to C. Resolution

note that the changes in performariegidenced by differ- In general, resolution was expected to be somewhat bet-
ences between the open and filled symbols in Figcdually  ter in the center region than at the edges of the range of
occurred rapidly during the course of the experiments andgyrce positions in the first run using normal cues, since
that performance had clearly stabilized by the end of thgesolution is best straight ahead of the listener. Independent
altered-cue test period in all seven experimépesformance  of the exact pattern of results, the first normal-cue test pro-
was close to the final values within approximately twoyides a baseline measure against which results from later
altered-cue runs in the training experiments and four alteredtests could be compared. Given the remapping function
cue runs in the feedback experimentEhe exact time course shown in Fig. 1, results from the first test with altered cues
of these changes will be fully explored in a subsequent pawere expected to show improved resolutigalative to the
per. However, because performance was stable by the lagist, normal-cue tegtin the center of the range and de-
altered-cue run in all experiments, direct comparisons of thereased resolution at the sides. Following training with the
final results from the various experiments can be made, evesltered cues, resolution was expected to eithgremain as
across the training and feedback experiments, for whiclit had been for the first altered-cue td#ft resolution de-
completely different training paradigms were investigated. pended solely on the difference between the magnitudes of
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pared to results for the first test using the transformed cues,
demonstrating that resolution does not depend solely on
physical cues. A similar decrease can be seen when compar-
ing the final normal-cue tedffollowing training with the
initial, preexposure normal-cue test. There is a tendency for
resolution to decrease with training, both for the normal-cue

idmomn _e_ }-40-20 0 20 40 -40-20 0 20 40 80 and for the altered-cue results.
sl $o 1000 Comparing _results for _experimentsi,'l_Tg,_ _anc_j K [Fig.
sl ‘.;' « 6(a)—(c)], there is substantially more variability in the reso-
T oA lution results across these three experiments than was seen in
" ?A‘ﬂ the bias results. In particular, the increase in resolution with
o e the first altered-cue run seen in experimentsllarger than

DEwE, T o that seen in experiments; Bnd k. However, in all cases,
' i e the estimated value af’ is quite large. Generally speaking,
: whend’ for two stimuli is larger than about 3.0, there are

= 2.0b
o large changes in the amount of overlap of the distributions
8¢/ ‘s for relatively small changes in distance between the means of
o L A the distributions. As a result, estimatesddfare very sensi-

©80-40-20 0 20 40 )-40-20 0 20 40 1-50-20 G 20 40 o¢ tive to small changes in the pattern of responses wheis
source positon (degrees) relatively large. Thus, although the apparent differences be-
FIG. 6. Resolution results for the seven experiments. In each panel, thtween results for experiments,TT;, and K are pronounced,
average estimated' is plotted as a function of correct source positiim  they arise in part from the numerical instability of estimating

_degree}; For' each panel, resolution was estimated fqr eac_h subject an_d ru[?rge values ofd’. This numerical instability can also be
in the experiment and then averaged across all subjects in the experiment.

Four runs are plotted in each panel: the first run in the experifegen ~ S€EN in left—right asymmetries in many experi'ments for

circle, the first run with the transformed cuéspen diamonds the final ~ some of the large values df [e.g., examine the estimates of

run with altered cuesfilled diamonds, and the first normal-cue run follow- (" for the middle two positions in experiment;, Tparticu-

ing altered-cue exposutélled circles. In each panel, the legend details the - - : :

strength of the cue transformation employed in the norifmélways equals Iarly for the final te.St with alter_ed cugdilied dlamond$]'

1) and altered-cue run@=2, 3, or 4. Results f_rom eXpe”ment3’1:1id_[F|g- 6(d)] are roughly con-
sistent with results for experiments,TT5;, and K. The in-

crease in resolution seen in experimentfér the first test

performance depended upon high-level cognitive factor%’vIth altere(_j cuets IS shg_ht!y stma_ltlrt]a rt;ha? Wtatshsftta; |r][the ?rst

which were affected by trainir)g OUI’. experlmen_s, COﬂS.IS ent wi e 1ac .a e. ranstor-
r1;nat|0n in experiment fis less extreme than in the first four

Resolution results for all seven experiments are show soeriments. Finallv. the iner in resolution in exoeri
in Fig. 6. The same four runs are plotted in this figure ascXPerments. ally, the increase esolutio expert-

were plotted in the bias results in Fig. 5. The initial test with ments k. and Fy, tends to be greater than in the other five

normal cues is plotted with open circles and solid lines, theeXperimentS' all of which used a less _extreme tre_msformat_ion.
initial test with altered cues is plotted with open diamondsAS with bias, there are no obvious differences in resolution

and dashed lines, the final test with altered cues is pIotteExeSUItS for (_experlments4gand F‘!b’ despite the _fact thafc a
with filled diamonds and dashed lines, and the first normal:[ransformatmn of 0.5 was used In runs 3336 in experiment
cue test following altered-cue exposure is plotted with filled" 4

circles and solid lines.

As with bias, the basic patterns of results are the samlev' CONCLUSIONS AND FUTURE WORK
across all experiments, and results are roughly left—right The results demonstrate that subjects are able to learn
symmetric. Overall, resolution for normal cue runs showed aemappings between acoustic cues and physical locations in
consistent pattern in which resolution appeared to be slightlyhe sense that they are able to reduce bias with training.
worsefor the center positions compared to positions just offHowever, subjects never completely overcome their system-
center, rather than slightly better as was expected. This resudtic errors when responding to altered localization cues. In-
may be due to positional dependencies on the accuracy of thetead, over time, their errors grow smaller in magnitude, but
simulation as well as true differences in resolution arisingretain the same pattern of results as is seen in their initial
from perceptual issues. In any case, the results from the inierrors with altered cue@.e., larger errors at the center of the
tial run using normal cues provides a baseline against whichange, smaller errors at the edges of the rang§mce perfor-
results from the other runs can be measured. As expected fanance was stable by the final test with altered cues, it ap-
the transformation employed, resolution on the first run usingears that subjects cannot adapt completely to the transfor-
the transformed cues was enhanced for positions in the cemation employed in these experimerighown in Fig. 1.
tral region and degraded at the edges of the range compardthis result is consistent with previous results investigating
to results from the initial run. Of particular interest are thesensorimotor adaptatiofwelch, 1986 which show that ad-
results for the final, altered-cue te@illed diamond$. al-  aptation usually occurs, but is seldom complete; instead, sys-
though resolution remains enhanced over that achieved wittematic biases remain even after performance is siainld
normal cues, there tends to be a decrease in resolution coradditional exposure causes no further change in localization

the cues at adjacent positionsr (2) change with time(if
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performancg A negative after-effect was found for all ex- is better than resolution of the same two stimuli during a
periments, implying that changes in performance were nomany-alternative, forced-choice task by positing that internal
based solely on conscious correction; instead, changes odecision noise grows as the range of the physical stimuli
curred gradually, with training. These gradual changes ocincreasegDurlach and Braida, 1969; Braida and Durlach,
curred both when subjects were first exposed to the altereti972, 198%. However, the current results show that resolu-
cues(adaptatiof, and when subjects were returned to normaltion also depends upon the past history of exposure of the
cues at the end of the experimefitscovery. subject. If resolution depended only on the range and values
Unlike previous experiments investigating sensorimotorof the physical stimuli, then resolution would be identical in
adaptation, our experiments imply that there is no qualitativéhe first and last runs using altered cues. In these two runs, an
difference in the final level of adaptation achieved when usidentical set of 13 physical stimuli are presented; however,
ing training paradigms that involve subjects in active senfesolution decreases over time.
sorimotor tasks(experiments T and T;) compared to the One possibility is that the decrease in resolution arises
adaptation achieved in experiments in which simple correctbecause data are averaged over time periods during which
answer feedback is providédxperiments & Fanis Fo, Fan  the decision criteria shift significantly. If this were the case,
and Ry). In fact, the relative insensitivity of bias and resolu- estimates of the variability in the underlying probability den-
tion results to the various experimental conditions is somesities would be too large and estimatesdéftoo small sim-
what surprising. Bias and resolution appeared to be insensply due to estimation errors. Thus, an apparent decrease in
tive to the complexity of the auditory scene, since resultgesolution might be due to changes in criteria placement dur-
from experiments Jand T; are comparable. Even when sub- ing the final test with altered cues. However, this explanation
jects are explicitly trained to an inverse transformation in ariS inconsistent with other aspects of the data. In particular,
attempt to allow their normal-cue test results to return todnalysis in a companion papéshinn-Cunninghanet al.,
preexposure patterns more rapidly, no clear effect is seeh998 shows that the greatest changes in mean response oc-
(compare results for experimentg,fand Fy). cur at the beginning of the altered-cue exposure period, and
While changing exposure conditions causes little differ-that performance is stable well before the final test run with
ence in results, changing the strength of the transformatiogltered cues. In other words, shifts in response criteria may
(compare results for experiments, F,, Fy, and i) and/or ~ cause estimates af for the initial test with altered cues to
the range of stimuli usettompare results for experiments F be too small but will have little effect on the estimateof
and R,,o did cause differences in bias and resolution. Infor the final test with altered cues.
particular, the stronger the transformation, the larger the ini- An alternative explanation assumes that resolution de-
tial errors in performancébias and the larger the initial Pends upon the range of stimuli being attended to by the
increase in resolution for center positions. Similarly, the biasubject(not the range of the physical stimuli used in ajun
in the final run with the altered cuélled diamonds in Fig. Prior to adaptation, subjects expect positions to span 120
5) varies with transformation strength, with larger final errorsdegrees(from —60 to +60 degrees but during training,
tending to occur for experiments using more extreme transthey hear acoustic cues covering a much larger rasge
formations. While the absolute size of initial bias errors de-Fig- 1 and lear to attend to this broader range. Perhaps,
pended on the transformation employed, it appears that th@Ver time, as subjects adapt to the change in cues, they begin

decrease in bias with training is roughly proportional to thet® attend to a larger and larger range of physical stimuli.
initial error. For all experiments, final bias was roughly one-Earlier models of resolution performance may be extended to

third to one-half of the bias initially measured in the first INclude specifications for how performance changes over
altered-cue run. It should be noted that a reduction in biadMme in an adaptation experiment by specifying how the ef-
may arise either from decreases in mean error or increases factive mean response and the effective range depend upon
response variability. Subsequent analysitescribed in training. A .prellmlmary mode_l of adaptation based on _the
Shinn-Cunninghamet al, 1998 that examines mean re- M0del of intensity perception by Durlach and Braida
sponse in detail shows that localization errors decrease Wit_{‘Pl"rl""Ch and Braida, 1969; Braida and Durlach, 1972, 1985
exposure to supernormal localization cues, and that this i§ currently under development.

the main reason that bias decreases over time. However,

there is a small increase in the estimated internal decisioACKNOWLEDGMENTS

noise as subjects adapt which contributes to the decrease in
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dependence of resolution on experimental conditions have

shown that resolution depends on both the phySICaI cues USQ_ﬂ‘is family of transformations was chosen because it changes smoothly as

In an expgrlment, and_on the rar]ge of phyS|c_aI CUES Préy fynction of angular position, and maps the position80, 0, and 90
sented during an experiment. For instance, earlier models Ofiegrees to themselves for all valuesnof

resolution explain that resolution of two stimuli in a jnd task 2For the family of transformationg,(6), the point at which the slope
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