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This study investigated the effect on gap detection of perceptual channels, hypothesized to be tuned
to spatial location or fundamental frequendy). Thresholds were measured for the detection of a
silent temporal gap between two markers. In the first experiment, the markers were broadband noise,
presented either binaurally or monaurally. In the binaural conditions, the markers were either diotic,
or had a 64Qus interaural time differenc€lTD) or a 12-dB interaural level differencgLD).
Reversing the ITD across the two markers had no effect on gap detection relative to the diotic
condition. Reversing the ILD across the two markers produced a marked deterioration in
performance. However, the same deterioration was observed in the monaural conditions when a
12-dB level difference was introduced between the two markers. The results provide no evidence for
the role of spatially tuned neural channels in gap detection. In the second experiment, the markers
were harmonic tone complexes, filtered to contain only high, unresolved harmonics. Using
complexes with a fixed spectral envelope, wherefth@f 140 or 350 Hz was different for the two
markers, produced a deterioration in performance, relative to conditions whefrg rir@ained the

same. A larger deterioration was observed when the two markers occupied different spectral regions
but had the samé,. This supports the idea that peripheral coding is dominant in determining
gap-detection thresholds when the two markers differ along any physical dimension. Higher-order
neural coding mechanisms &f and spatial location seem to play a smaller role and no role,
respectively. ©2000 Acoustical Society of Amerid&0001-4966)0)02204-9

PACS numbers: 43.66.Mk, 43.66.Pn, 43.66 [l BYVG]

INTRODUCTION the two marker frequencies are the same or very similar, the
markers stimulate the same region of the cochlear partition,
Gap detection has long been used as a measure of tefhich in turn leads to responses from the same population of
poral resolution in the auditory systefRlomp, 1964b; Pen- auditory nerve fibers. Thus any perceived interruptinc-
ner, 1977; Buus and Florentine, 1985; Moateal, 1993.  tuation, onset, or offsgin the stimulus is a reliable cue for
Often, for sinusoids and broadband noise, silent gaps of 5 mgetecting the gap. When the two markers have different fre-
or less can be detected. This minimum detectable gap durguencies, they are separated in the cochlea such that they
tion has been interpreted as revealing a fundamental “slugmaximally stimulate different places along the cochlear par-
gishness” in the auditory system’s response to very rapidition, which in turn leads to different populations of auditory
changes in sound level. In another class of gap-detectioferve fibers responding to each frequency. In this case, the
experiments, the sounds before and after the gap, known &fset of the first tone and the onset of the second are always
“markers,” differ along a certain physical dimension. For perceived, whether the gap is present or not. Thus the per-
instance, using sinusoids, the two markers may have differcejved onset or offset is no longer a reliable cue, and the gap
ent frequencies. Previous studies have found that gap-an only be detected by a timing comparison across different
detection thresholds increase as the frequency difference bggyra] channelg¢e.g., Hanekom and Shannon, 1998hese
tween the two markers increases, and that at large frequengyo cases are therefore often referred to as “within-channel”
differences, the minimum detectable gap increases to 20 Mgnhd “between-channel” gap detection, respectively.
or more, i.e., approximately an order of magnitude greater  Thjs explanation relies on the fact that stimulus fre-
than when the two markers are at the same frequéacy, quency is a neurally and perceptually relevant dimension: If
Williams and Perrott, 1972; Formby and Forrest, 1991ithe auditory system were not frequency selective, then no
Formbyet al, 1998. A similar deterioration in performance, discontinuity between the two markers would be perceived,
both in traditional gap detectiafihillips et al, 1997 and in  regardless of the frequency difference. Similarly, gap detec-
modulation gap detectiofGroseet al, 1999, is found when  (ion might be used to probe other, higher-level, organiza-
the two markers are presented to separate ears. tional principles in the auditory system. Two dimensions that
The effect of a difference in marker frequency has genyre known to have neural representations established at a
erally been attributed to the frequency selectivity establisheg, g higher than the cochlea are spatial locatidoore,
in the auditory periphery, and has al§o been modeled in thi§991; Brainard, 1994and periodicity(Langner, 1992 Re-
way (Forrest and Formby, 1996; Heiret al, 1998. When  cenyy phillipset al. (1999 reported finding an influence of
spatial perceptual channels on gap detection. In their experi-
dElectronic mail: oxenham@mit.edu ment, listeners were seated individually in a room with two
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loudspeakers, positioned to the left and right of the listenerdetection should be worse for conditions where thef the

In one condition, listeners were required to detect a gap in &vo markers is different, even if the spectral envelope and

broadband noise emitted from one of the loudspeakers. As iaverall level remain constant. This seems not to have been

studies using headphones, thresholds were generally letasted before, although some evidence suggests thatigap

than 5 ms. In the second condition, the sound preceding therimination deteriorates somewhat as thg difference be-

gap (marker 1 was played from one loudspeaker, while the tween the markers is increas@diegenet al., 1999. Further

sound following the gagmarker 3 was played from the evidence for the effect of periodicity on gap detection comes

other loudspeaker. Here, thresholds for gap detection werom a study of cochlear implant patieniShatterjeeet al,

much worse, often by an order of magnitude. Phillgisal.  1998. In their experiment, Chatterjest al. found that when

suggested that this was due to the auditory system represestimulating a single electrode, performance was generally

ing the two stimuli in different spatially tuned neural chan- worst when the pulse rates of the two markers were very

nels and that, as with the markers of different frequenciesdifferent. This is somewhat analogous to changing the

the auditory system was not able to compare timing effi-while keeping the spectral envelope constant.

ciently across these different channels. The experiments described here explore the effects of
While the study of Phillipset al. (1998 suggests that Spatial and temporal cues on auditory gap detection. In the

gap detection may indeed be a straightforward way of probfirst experiment, the roles of ITDs, ILDs, and monaural level

ing higher-order neural representations of sound, some queéifferences on gap detection in broadband noise were inves-

tions remain. First, the localization of sound is generallytigated. In the second experiment, unresolved harmonic com-

achieved by combining information from the two ears in theplexes were used to separate the roles of spectral envelope

form of interaural time difference$ITDs) and interaural and periodicity in gap detection.

level differenceqILDs) (Blauert, 1997. From the study of

Ph||||ps et al, |t. is not clear.whu.:h O.f these cues was domi- EXPERIMENT 1. INFLUENCE OF SPATIAL

nantin producmg the detenorauqn in gap det_ectlon. Secor_l ERCEPTUAL CHANNELS ON GAP DETECTION

presenting the markers from different locations results in

monaural level differences between the two markers, at lead¥- Stimuli

for frequencies above about 500 Kilauert, 1997. It has Gap-detection thresholds were measured using broad-
long been known that a monaural level difference betweemand noise as markers. In the binaural conditions, the mark-
the two markers produces a deterioration in gap detectiogrs were either identical in the two eaidiotic), or had an
(Plomp, 1964b; Plack and Moore, 199Thus it is possible |LD of 12 dB or an ITD of 640us. These differences were
that the results of Phillipet al. (1998 do not represent an  sufficient to fully lateralize the stimuli to one or the other
effect of spatial hearing at all, but rather reflect the monauragide (Blauert, 1997. The following ITD conditions were
effect of introducing a level difference across the gap. Thesgested:(1) Both markers lateralized to the lefg) both mark-
questions can be addressed by presenting the sounds o0& |ateralized to the right3) the first and second markers
headphones. In this way, ITDs and ILDs can be manipulatethteralized to the left and right, respectively; aidl the first
independently to assess the relative contributions of each tand second markers lateralized to the right and left, respec-
changes in gap detection. Furthermore, the relative contribuively. The ILD condition comprised marker 1 being lateral-
tion of the monaural system can be assessed by comparinged to the left and marker 2 to the right. In two of the four
binaural and monaural performance using the same level difnonaural conditions, the ILD condition was repeated with
ferences. either the left or the right headphone disconnected, such that
Another acoustic dimension that seems to be representefimonaural level difference occurred between the two mark-
in the higher levels of the auditory system is periodicity, orers, with either the first markeleft ear only or the second
repetition rate(Langner, 1992 For complex sounds, this marker(right ear only 12 dB higher. In the other two mon-
representation is believed to be orthogonal to the tonotopiaural conditions, the markers were at the same level and
representation of frequency, already established in the cawere both presented to either the left or the right ear. A
chlea. It may be especially relevant for complex harmonicschematic diagram of some of the stimulus configurations is
sounds, such as speech, where higher-order harmonics are sitcown in Fig. 1.
longer spectrally resolved in the auditory system, but where  The spectrum level of the markers was 36 dB SPL, ex-
they combine within individual auditory filters to form peri- cept in conditions involving a level difference. In such cases,
odic waveforms with a repetition rate equal to that of thethe spectrum levels were 36 and 24 dB SRaminal overall
fundamental frequencyfg). Complexes comprising only levels of 79 and 67 dB SBLThe duration of the first marker
high-order, unresolved harmonics can be used to dissociateas fixed at either 10 or 150 ms. Two durations were tested
the effects of spectral and temporal c@e€egen and Oxen- because Phillipst al. (1997, 1998 have reported that a short
ham, 1999. Although the pitch of complexes containing initial marker increases the difference in performance be-
only unresolved harmonics is weaker than that of resolvedween within-and between-channel gap detection. The dura-
harmonic complexes, it remains reasonably clear and can ben of the second marker was varied randomly in each in-
used to make judgments of musical intervéoutsma and terval from 100 to 300 ms, with uniform distribution. This
Smurzynski, 199D was intended to render a possible cue of overall duration
If periodicity represents an important neural coding prin-unreliable (Formby and Forrest, 1991The markers were
ciple, and if gap detection reflects such coding, then gagated abruptly; because they were broadband, no audible
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Left ____ | terval, a gap of 1.28 ms (2640us) was present in one of
| |

the two ears. This gap was not reported as being heard by
Right any of the listeners, which is not surprising given that the
minimum detectable gap is usually found to be between 2
and 3 ms. Thresholds in this condition are given as the du-
ration of the longer of the two gaps.
Left _____ I The initial gap duration was set to 80 ms, or 20 ms in
Right—g-_— @l cases where it became clear in pilot experiments that thresh-
: olds were less than 10 ms. Three independent tracks were
interleaved in each run, so that each trial within a run was
selected randomly from one of the three tracks. The initial

h step size was an increase or decrease by a factor of 1.78.
Left | After three reversals, the step size in that track was reduced
Right‘—-i C |

to an increase or decrease by a factor of 1.26. Each track was
terminated after five reversals, and tlymometri¢ mean of

the gap duration at the last two reversals from each of the

three tracks was defined as threshold. Thus each track thresh-
old was the mean of six values. Reported thresholds are the

Left (geometri¢ mean of at least three such runs for each listener.
I(@) In conditions involving a level difference, thresholds were

Right | found to be more variable and so a total of six runs were
Time — measured. The conditions were not run in any particular or-

der and listeners were often presented with a number of dif-

FIG. 1. Schematic diagram of the stimulus configurations for the ITD con-ferent condition in one session

ditions and the binaural and monaural level differengeft column, and
the perceived lateralization of the stim@tight column). In the first panel,
the left side leads by 64@s for both the first and second marker; both
markers are lateralized to the left. In the second panel, left leads right for th€. Subjects

first marker, but right leads left for the second marker. This results in a shift . . L. . . .

in lateralization between the two markers. In the third panel, left is 12 dB Six female listeners participated as subjects in this ex-

higher in level than right for the first marker, and vice versa for the secondoeriment. All had pure-tone thresholds of 15 dB HL or less
marker, again leading to a shift in lateralization between the two markers. Iyt gctave frequencies between 250 and 8000 Hz. All but one
the fourth panel, the stimulus is presented only to the left ear, but with th . . -
same level differencél2 dB) as used in the third panel. ?{\/ere college students gnd all were paid for their participa-
tion. The ages of the listeners ranged from 21 to 45 years
r%median age: 28)5All listeners were given at least 2-h prac-

tral splatter w nerat this pr re. Bef . L
spectral spiatier was genera ed by this P oceqlu €. be c)'uce, spread across the different conditions, before data were
each trial, a new 655-ms sample of Gaussian noise was gen-

erated. The four noise burstmarkers 1 and 2 for both in- collected. Two of the listeners had previous experience in
tervalg were cut independently and randomly with replace-pSyChOaCOUStIC tasks.
ment from this long buffer.

All stimuli were generated digitally at a sampling rate of p. Results
50 kHz, and played out via a digital-to-analog converter o ,
(TDT DA2), The stimuli were lowpass filtered at 20 kHz The pattern of results was similar for all listeners, and so
(TDT FT5) and passed through a programmable attenuatg?nly mean data are shown in Fig. 2. The error bars denote
(TDT PA4) before being presented to the listener via a head=1 standard error of the mean across listeners. The left panel

phone buffef TDT HB6) and a Sony MDR-V6 headset shows results from conditions in which there was no inter-
' aural or level difference between the markers. The filled

squares represent the diotic condition and the circles and
triangles represent results from the left and right ear only,

Thresholds for the minimum detectable gap were mearespectively. The results are broadly in line with previous
sured using a two-interval, two-alternative forced-choicestudies of gap detection in noig®lomp, 1964b; Penner,
method with a 3-down 1-up interleaved adaptive trackingl977; Forrest and Green, 1987; Green and Forrest,)1989
procedure, which tracks the 79%-correct point on the psythresholds for the 150-ms marker 1 are generally around 3
chometric function. Listeners were presented with two interims. Thresholds for the 10-ms marker are somewhat higher,
vals, separated by an interstimulus interval of 400 ms, anavith mean thresholds of between 6 and 7 ms. No general ear
were required to select the interval containing the gapadvantage is apparent, and there seems to be little if any
Correct-answer feedback was provided after each trial. In thbenefit gained from having the stimuli presented to both ears.
“no gap” interval, the two markers generally abutted eachBy pooling the monaural and diotic conditions for each lis-
other, such that there was no gap between the offset dener and using a repeated-measures analysis of variance
marker 1 and the onset of marker 2. The exception to thiSANOVA), the difference in thresholds between the two
was in the ITD conditions where the lateralization changednarker 1 durations was found to be significarf,§
between markers. In these cases, even in the “no gap” in=11.05; p<0.05).

B. Procedure
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FIG. 2. Mean thresholds for detecting a gap between two broadband noise markers that were presented monaurally oflefoticalg), with 640us

interaural time difference@niddle pane), or with 12-dB interaural or intermarker level differend¢eght pane. Error bars represent 1 standard error of the

mean across six listeners. In the left panel, filled squares represent thresholds in the diotic condition, while the triangles and circleshrephedgnfrom

stimuli presented monaurally, to the right and left ear, respectively. In the middle panel, circles denote conditions where left led right far trankges

denote conditions where right led left for marker 1. Open symbols represent conditions where the ITD was the same for both markers, and filled symbols
represent conditions where the ITD was reversed for the second marker. In the right panel, circles denote the conditions presented to the lefiexar only
marker 1 was 12 dB higher in level than marker 2. Triangles denote the conditions presented to the right ear only, where marker 1 was 12 dB lower in level
than marker 2. Filled squares represent the binaural conditions, where the two previous conditions were presented together, producingl é&velteraura
difference of 12 dB which was reversed between the two markers.

The middle panel of Fig. 2 shows data from binauralpooled across the three level-difference conditions, showed
conditions with ITDs. Circles show conditions where markerno significant effect of marker 1 duratior={s=3.13; p
1 was lateralized to the left; triangles show where marker >0.1).
was lateralized to the right. Open symbols represent condi-
tions where both markers were lateralized to the same side;
filled symbols represent conditions where the lateralizatio
was reversed from marker 1 to marker 2. If perceived posi- The data from the diotic and ITD conditiorieft and
tion had a large effect on gap thresholds, as proposed byiddle panels of Fig. 2, respectiveélghow that thresholds
Phillips et al. (1998, one might expect thresholds for condi- for the 10-ms marker are generally higher than for the
tions where the lateralization reverses across the gap to HE&0-ms marker. This is not consistent with the findings of
higher than for conditions where the lateralization remainsPhillips et al. (1997, 1998, who found little or no effect of
constant. In fact, the middle panel shows that changing thenarker 1 duration in conditions where the markers had the
lateralization has essentially no effect on thresholds. This isame spectrum or location. The present results are also in-
despite the fact that all listeners reported hearing a large shitonsistent with the results of most previous headphone stud-
in the perceived location of the noise in these conditions. Ases, which have also reported little or no effect of marker
with the monaural and diotic conditions, the difference induration (Abel, 1972; Penner, 1977; Forrest and Green,
thresholds between the two marker 1 durations was found t®8987. However, the results do seem to be consistent with a
be significant £, 5= 16.87; p<0.01). more recent studySnell and Hu, 1999 in which gap detec-

The right panel shows the effect of introducing monau-tion was found to be poorest for a gap placed near the onset
ral and binaural level differences. In many cases, perforor the offset of a 150-ms broadband noise. It is not clear
mance was worse than in the diotic conditimguares in the what accounts for these discrepancies. One consideration is
left pane) by up to an order of magnitude. The mean thresh-that the amount of practice given to listeners in the present
old, pooled across all level-difference conditions, was 19 msstudy was generally less than that reported in previous stud-
The differences in thresholds between the monaural/dioties. It is possible that thresholds would have decreased fur-
conditions and the level-difference conditions were highlyther in the 10-ms conditions, if more extensive practice had
significant for both the 10-ms marker IF{s=26.37; p been given. In support of this conjecture, ideal. (1999
<0.005) and the 150-ms marker 1F(s=50.38; p also found an increase in gap thresholds as they decreased
<0.001). Listeners generally found these conditions morehe overall marker duration from 400 to 100 ms. They used
difficult and reported that the cues were different from thosegroups of young and aged listeners, all of whom had re-
used in the other conditions. The idea that a different processeived only about 30 min practice on each condition. Also,
may have been involved is supported by the somewha®Bnell and Hu(1999 found that the effect of gap placement
higher variability associated with these thresholds, evenvas greatest for their inexperienced listeners.
when plotted on a log scale. There was, however, no notice- Unlike the monaural/diotic and ITD conditions, there
able difference in thresholds between the binaural and monwas no consistent effect of marker 1 duration in the level
aural level differences. In contrast to the previous two condifference conditiongFig. 2, right panel In contrast, Phil-
ditions, an ANOVA, again using individual mean data lips et al. (1997, 1998 found that, for most of their listeners,

. Discussion
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thresholds increased with decreasing marker 1 durationTherefore, the pattern of results observed by Boehnke and
Again, the reason for this discrepancy is not clear. HoweverPhillips (1999 is exactly what would also be predicted sim-
some listeners reported that they were comparing the inteply on the basis of monaural level differences.
vals between theonsetsof the two markers to determine The question remains as to why a level difference be-
which interval contained the gap. If used at all, such a strattween the two markers has such a large effect on gap detec-
egy would be more effective with the 10-ms marker, as thdion. It is interesting that threshold values and variability are
interval between the marker onsets is smaller for the shortenore akin to a between-channel task than a within-channel
marker 1 than for the longer one. one, despite the fact that the two markers are identical in
Despite these relatively small differences, the main reeverything but level. Plomp suggested that in the case of
sults of experiment 1 are clear: Gap detection is not affectetharker 1 being higher in level than marker 2, the onset of
by changing the ITD between marker 1 and mark¢€Fig. 2,  marker 2 was masked by marker 1. Thus the function relat-
middle panel, suggesting that a change in perceived locatioring gap threshold with the level of marker 2 may be treated
does not necessarily elevate gap-detection thresholds. Ags a measure of forward masking, or the “decay of auditory
though the ILD across the gap did have a large effect orsensation” (Plomp, 1964h Similarly, backward masking
gap-detection thresholds, essentially the same deterioratighay govern conditions where marker 1 is lower in level than
was produced by a monaural level difference between th&arker 2(Plack and Moore, 1991However, in this case it
two markers. Introducing binaural information produced nois difficult to reconcile the present results with our current
deterioration beyond that observed for the monaural levelinderstanding of backward masking, as it is generally ac-
differences. This suggests that the binaural system plays littleepted that little or no backward masking occurs for gaps
or no role in these tasks and that thresholds in all condition§#nger than about 10 m.g., Oxenham and Moore, 1994
can be understood solely by considering the signals preand thresholds in the present experiment were often greater
sented to each ear separately. This in turn suggests that tHean 20 ms. It is possible that gap detection is generally
spatial effect on gap detection reported by Phillgsal.  Performed by detecting an onset transient that is otherwise
(1998 may have been due to the monaural level difference&§0t detectable. In the case of marker 2 being higher in level
introduced at each ear by presenting the stimuli from differthan marker 1, the onset of marker 2 is always detectable,
ent sides of the head. Thus the effect of marker locatiovhether a gap is present or not. This makes the onset cue
reported by Phillipgt al. is probably not a reflection of spa- Unusable for detecting a gap, and listeners may be forced to
tially tuned neural channels, but instead reflects the well2dopt another, less efficient, strategy involving temporal dis-
known consequence of presenting the two markers at diffefcrimination, rather than detection.

ent levels(Phomp, 1964b; Penner, 1977; Plack and Moore, !N summary, for gap detection in broadband noise, per-
1991. ceived changes in lateralization are neither necessary nor suf-

The finding that lateralizatioper sehas no effect on ficient to produce elevated thresholds. At this stage, there-
gap thresholds is consistent with one condition tested byere, there seems to be little reason for postulating any
Phillips et al. (1997. In their experiment 4, they found that additional |.nflue'nce of spatial coding on gap detection. '|t.IS
presenting marker 1 to the left ear only and marker 2 to bot#"0ré parsimonious to assume that the results of Phillips
ears had only a small effect on gap thresholds, relative to thgt &l- (1998 and Boehnke and Phillipg1999 are due to
monaural condition. It therefore seems that if monaural in‘nonaural level differences between the two markers, rather
formation is available, listeners’ performance is not greatlythan to spatially tuned neural channels.
affected by binaural information.

The present results may also be useful in interpreting thd- EXPERIMENT 2. EFFECT OF F, AND SPECTRAL
results of Boehnke and Philligd999. As in Phillips et al. ENVELOPE ON GAP DETECTION
(1998, they measured gap detection using two loudspeakers. Experiment 1 showed that the effect of spatial separation
However, instead of fixing the speakers to the left and righbn gap detection is probably due to monaural level differ-
of the listener, they measured gap-detection thresholds for @nces, rather than a reflection of spatially tuned neural chan-
number of relative speaker locations. The results showed thaels. The role of neural channels tuned to different repetition
performance depended primarily on whether the speakemstes (or fys) remains open, although a study in cochlear
were located ipsilaterally or contralaterally, and that the eximplant patientgChatterjeeet al, 1998 and a study of tem-
act positions of the speakers on each side did not signifiporal discrimination in normal-hearing listenef¥liegen
cantly affect thresholds. Boehnke and Phillid999 inter- et al, 1999 both suggest thatt, differences might have an
preted these results as providing evidence for two broadlgffect on gap detection. This experiment investigated the
tuned neural channels, roughly representing the left and riglgeparate influences 6§ and spectral envelope on gap detec-
hemispheres. They related their findings to animal physition by using harmonic tone complexes consisting only of
ological and behavioral data showing fairly broad azimuthalhigh harmonics, which are generally considered to remain
tuning in auditory cortical regions, with each hemisphereunresolved in the auditory system.
best represented in contralateral cortical _regions. In I!ght Ok. Effect of fundamental frequency
the present results, however, an alternative explanation can
be made in terms of monaural level differences between thd- Méthod
two markers. Large overall differences in ILD only occur Equal-amplitude harmonic tone complexes wils of
when two stimuli are located in opposite hemispheres140 and 350 Hz were used as markers. The components were
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100 T 7 350 Hz (**Hfy""). The next two bars show results for con-
[ ] ditions where thd ; changed across the markers from 140 to

350 Hz (“‘LHfy"") or from 350 to 140 Hz (“‘HLfy""). All
/ six listeners showed an effect d¢f for the two samdy,
/ ] conditions(filled and open bajs the average gap threshold
/ at 140 Hz was 5.7 ms compared with 2.4 ms at 350 Hz.
% E Using a paired-test, this difference was found to be highly
/ : significant[t(5)=15.53; p<0.001].
/ Four of the six listeners and the mean data showed a
) our of T
7 deterioration in performance when tfig was altered across
7 the gap. For the other two listeners, performance was similar

% to that of the lowerf,. The mean threshold, pooled across
listeners and the two conditions, was 13.2 ms. This was sig-
nificantly higher than the threshold for the 140-Hz saipe-
FIG. 3. Mean thresholds for detecting a gap between two harmonic comeondition [t(13)=3.95; p<0.005. Thus it appears that

plexes. Error bars representl standard error of the mean across six listen- changes in‘o may have an effect on gap detection. even if
ers. The first four barglabeled ‘‘fy’”’ ) represent conditions in which the . '
spectral envelope was held constant by bandpass filtering the complexé?e SpECtral enveIOpe is held constant.

between 4 and 8 kHz. Thi, of each marker was either 140 HzL") or

350 Hz(“H”). Thef,s of the two markers were either the safti¢.” or B. Effect of spectral envelope

“H") or different(* LH"” or “ HL"”). The last two barglabeled “Spct”) . .

represent conditions in which thi, was held constant at 140 Hz. One The previous section showed an effect fgf on gap-
marker was bandpass filtered between 2 and 4 ¢Hz'), while the other  detection thresholds, although the effect was generally not as

$afkegNW35 bi”dpass ﬁ_'tft’fedhbethet” 4 a’;d 6 (§|:Ht\3\l The grtds;goj large as has been reported for sinusoids of different frequen-
Ay | ers was iferehanged fo prodtice fhe Ao condi cies(Formbyet al, 1999. This section examines whether a
change in spectral region is sufficient to produce a deterio-

added in sine phase. The duration of marker 1 was 150 msrauon in gap detection, even if thfg (and hence the pitgh

the duration of marker 2 was randomized between 100 ana‘tays constant.
300 ms. Each marker was gated abruptly and had a randosh Method
starting phase. The random starting phase ensured that there  Complex tones with arfi, of 140 Hz, generated in sine
was usually a phase discontinuity between the two markerghase, were used as markers. Again markers were gated on
in both the “gap” and “no-gap” intervals of a trial, even and off abruptly, and the starting phase of each marker was
when thef, was the same. After gating, the stimuli were randomized. The markers were filtered after gating with a
bandpass filtered with cutoff frequencies of 4000 and 800Q-kHz-wide bandpass filteffDT PF1; attenuation slopes of
Hz (TDT PF1; attenuation slopes of 72 dB/octav@&his 72 dB/octave The cutoff frequencies were either 2000 and
eliminated any audible splatter due to gating, and also en4000 Hz, or 4000 and 6000 Hz. The overall level of the
sured that only components with harmonic numbers greatefomplex after filtering was approximately 74 dB SPL. Mark-
than 11 were at full amplitude. Plom{d9643a has shown ers 1 and 2 were always filtered into different spectral re-
that generally only harmonics with numbers up to between %jions; both low-high and high-low conditions were tested.
and 8 can be resolved by the auditory system. The two markers were generated and filtered separately and
The overall level of the complex tones after filtering wasthen combined TDT SM3) before being passed to the head-

approximately 72 dB SPL. By keeping the overall level thephone buffer. Stimuli were presented to the left ear only.
same, bottf,s should have evoked the same loudness, as theour repetitions of each condition were measured. All six

overall bandwidth was also held constant. Four conditionsisteners from experiment 1 participated.

were tested(1) Both markers had af, of 140 Hz,(2) both

markers had affiy of 350 Hz;(3) the first and second mark- 2. Results

ers hadf os of 140 and 350 Hz, respectively; at@ the first

and second markers hégs of 350 and 140 Hz, respectively. 3 1t
Stimuli were presented to the left ear only. Four repeti-

tions of each conditions were measured, and the conditio

were presented in random order. Otherwise, the method
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The mean results are shown as the last two bars of Fig.
should be noted that the bandwidth of these conditions

was 2 kHz instead of 4 kHz. The narrower bandwidth would
e expected to produce somewhat higher thresholds even in

. . . e absence of a spectral difference between the markers.
stimulus generation, presentation, and measurement was t

: . - . However, using noise markers, Eddiasal. (1992 found
same as that in experiment 1. The same six listeners partm{ﬁat thresholds increased by a factor@ for a halving in
pated.

bandwidth. The mean increases observed here are closer to

an order of magnitude. Individual thresholds range from

2. Results around 10 ms for two listeners to over 100 ms for another
Again, the individual patterns of results were fairly simi- listener. The mean thresholghooled across low-high and

lar, and so thégeometri¢ mean data are plotted as the first high-low condition$ was 35 ms. This is significantly higher

four bars of Fig. 3. The first two bars show thresholds wherthan both the sam&; and differentf, conditions with the

both markers had the sanfig of either 140 Hz (‘Lf,"") or fixed spectral envelope0.005). It is interesting to note
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that the two listeners who showed virtually no effectfgf the cochlea(Phillips et al, 1998; Boehnke and Phillips,
and the smallest effect of spectral region, were also the most999; Tayloret al,, 1999, a view that is also expounded in a
experienced listeners, although by this stage all listeners hagcent review articléPhillips, 1999. Based on the results of

been exposed to at least 20-h gap detection. experiment 1, it seems likely that all the results ascribed to
effects of spatially tuned neural channels can in fact be ex-
C. Discussion plained in terms of the resulting monaural level differences

. between the two markers. In general, it seems that monaural
All listeners showed a larger gap threshold for thejntormation can be used to detect gaps, even if binaural in-

140-Hz f, than for the 350-HZ,,. This difference of more ¢y mation encourages perceptual segregation. Because of
than a factor of two may be due to differences in the periodigs it is probably not possible to use gap detection to inves-
fluctuations within each stimulated auditory filter. First, thetigate the role of spatially tuned neural channels.

fluctuations are slower for the 140-Hz complex, with & pe- = gaseq on data currently available, it seems that differ-

riod of 7.14 ms(i.e., greater than the mean threshatdm- o ces hetween the two markers in level and frequency spec-
pared with 2.86 ms for the 350-Hz complex. The gaps may,m can both have a strong effect on gap detection. Differ-

therefore be less discriminable from the inherent periodiGnces in periodicity(and hence pitch independent of
dips in the filtered envelope. Second, the loiiggmeans that spectral envelopéor electrode for cochlear implantslso

the components are spaced more closely togther. Therefor|¢ave an effect, but it seems to be weaker than that of spec-
the waveform at the output of each auditory filter will be aym at least for normal-hearing listeners. This is consistent

combination of more components, giving & more modulatedyith recent results from a temporal discrimination t@¥f
envelope than for the highdép complex. A similar explana- legenet al, 1999.

tion in terms of random fluctuationgs opposed to the de- _ o _ _
terministic stimuli used hejéhas been proposed by GlasbergA- The role of spatial coding in auditory streaming

and Moore (1992 to account for poor gap detection in At first sight, it may seem surprising that lateralization
narrow-band noise. based on ITD’s has no effect on gap detection, and that lat-
The results in Fig. 3 show that the effect of changingeralization based on ILDs has no effect over and above that
spectral region was generally much greater than that gfroduced by the monaural level differences. On the other
changingf,. This supports the idea that the deterioration inpand, it has been shown that ITDs play essentially no role in
gap detection observed with sinusoidal markers of different,e perceptual grouping of concurrent souri@silling and
frequencies is primarily due to the effects of the frequency-symmerfield, 1995 Also, for sequential sounds, Deutsch
to-place mapping in the cochlea. Changes$gralso have an (1974, 1975 found that frequency cues for pure tones over-
effect, in line with the cochlear-implant study of Chatterjeegge |ateralization cues in forming “auditory streams.” This
et al. (1998. However, in line with the findings of Vliegen \yas true even though individual tones were presented to one
et al. (1999, spectral cues seem to have a stronger influencggr at a time, producing an infinite ILD. Thus spatial cues
thanf, cues in temporal discrimination tasks. may generally play a secondary role in the formation of au-
While the stimuli were designed to significantly reduceditory objects and stream@®arwin and Carlyon, 1995 If
spectral cues in the differerfy conditions, they cannot be poor performance in gap detection is a reflection of stream

totally ruled out of these experiments. In particular, it is pos-segregation, then it follows that spatial cues should have a
sible that resolved combination tond&oldstein, 1967; minimal effect.

Smoorenburg, 1972a,)bspaced at harmonic integers below

the snmulgs passband, might have been audible and may Explaining within-and between-channel differences

have contributed to an overall spectral difference. It seemg, gap detection

unlikely, however, that these low-level components had a ]

strong influence on the results. Vliegen and Oxenkiz999 ~ Gap detection generally seems poorest when the markers
examined the role of resolved combination tones in a sequersiimulate different peripheral frequency channels, regardless
tial streaming task, and found no change in the results whefif the perceived pitch or location. There seems to be little
the combination tones were masked by low-pass noise. §ONSensus as to the mechanisms underlying this effect. Some
combination tones did play a role, then the effectfgfon previous studies have ascribed it to the cognitive load of
gap detection observed in this experiment may be great@,ttending to more than one perceptual channel. For instance,
than the “true” effect of f, alone. This is turn would Fitgibbonset al. (1974 suggested that the shift of attention
strengthen the conclusion that spectral and/or level differffom one channel to another during the gap may impair per-

ences are of paramount importance in determining gaif)ormance. Phillipset al. (1997; see also Phillips, 1999ro-
thresholds. posed that both channels may be attended to concurrently,

but that attending to one channel may reduce the resources
available for monitoring events in the other channel. Both
these explanations seem unlikely for the following reasons.
Experiment 1 showed that spatial cues have no effect oFirst, it has been shown for the detection of tones in noise
gap detection, if monaural level differences between thehat performance is only slightly degraded when the tone is
markers are not present. This conflicts with a growing bodypresented randomly at one of four possible frequencies
of literature in which it is claimed that gap detection can be(Schlauch and Hafter, 1991suggesting that it is possible to
used to examine perceptual organization at levels higher thasitend to at least four frequency channels without significant

Ill. GENERAL DISCUSSION
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attentional cost, at least in a detection paradigm. Secondhg neural units that would otherwise have provided infor-
detection of a multitone complex improves as the number ofnation as to the presence of the gap. Similar neural mecha-
tones is increased from one to ten, consistent with the prenisms may be responsible for modulation detection
dictions of multiple observations in independent frequencyinterference, or MDKYost et al, 1989.

channels, with no additional attentional load assuitiadus

et al, 1998. Third, and most relevantly, gaps in multiple |v. SUMMARY

spectral bands are more detectable than a gap in a single . .
band(Grose and Hall, 1988; Green and Forrest, 1989; Grose, In experiment 1, thresholds for detecting a gap between

1991; Hallet al, 1996, suggesting that listeners are able tomﬁ? Erpi\dbandl rtr_1arke_rst were Ir?easiured for contljmons n
efficiently combine information about gaps across frequency\.N Ich Interaura’ ime, Interaura’ 1€vel, or monaural across-
arker level differences were introduced. Reversing the per-

Taken together, these results suggest that it is possible {58 o .
attend to more than one frequency at a time, and that th<(;§e|ved lateralization of marker 2 with respect to marker 1 by

sharing of attentional resources cannot explain the deteriord Y'Y the mteraL_JraI time dlff_erence d'd. nqt affect gap
thresholds. Reversing the perceived lateralization by varying

tion in gap thresholds by an order of magnitude or more, = . . . RN
when the markers are at different frequencies. Note that in al'€ interaural level difference did result in a deterioration in
q ) performance. However, the same deterioration was found in

the studies cited above, the signats gaps occurred at monaural conditions, when a level difference was introduced

expected spectral locations. The situation is different when %etween marker 1 and marker 2. Thus perceived lateraliza-
signal has unexpected spectf@reenberg and Larkin, 1968 tion is neither necessary nor sufficient to produce a deterio-

Scharfet al, 1987 or temporalWright and Dai, 1994char- ration in gap-detection thresholds, while monaural level dif-

acteristics. However, in the case of all between-channel gae'erences(PIomp 1964b° Penner. 1977- Plack and Moore

detection studies so far undertaken, the spe¢tiakpatia) e :
. ._ 1991 are sufficient to produce as large an effect as is ob-
characteristics of both markers have not been randomlzeéL
and so can be treated as beina expected by the listener Served when the markers are presented from loudspeakers
Ing &xp y el *located on different sides of the heé®hillips et al, 1998.

b tV\lln t:ehlnrt]rnodluctlor&, tlt vt\ilai ;qureiltedt $h?t Om]fh:n;inddThe results do not support the idea that gap detection can be
ctween-channel gap detection may retfiect very ditierent degqq j 1 investigate the role of spatially tuned neural channels
tection strategies. For within-channel gap detection, with th

_ : % temporal processingPhillips et al, 1998; Boehnke and
markers at the same level, the detection of any trans@mt Phillips, 1999; Phillips, 1999

set_or offsekis suffic?ent_to signal the presence of a gap, and In experiment 2, the effect on gap detection of using
no judgment of timing is necessary. Furthermore, the tas armonic-complex markers with different spectral envelopes

can be done using a one-interval paradigm, where I|stener(§r fundamental frequencies was investigated using com-
are asked whether or not they detected a {dp et al,

£ th K giff ¢ , plexes consisting of only high, unresolved harmonics.
1999. If the two markers are at different frequencies, tran'Changing the fundamental frequency across the gap signifi-

s_lents are detectable whether_ agapis p“?s?”t or not. Thlé%ntly increased thresholds, but changes in the spectral en-
listeners are forced to make a judgment of timing, comparingq|one produced a larger deterioration in thresholds. This
either the two onsets or the offset qf mar_ker_l with the onseguggests that the initial frequency-to-place mapping in the
of marker 2. This task is one of discrimination, rather thancochlea is dominant in determining gap-detection thresholds

detection, and would be very difficult to perform in a one- ¢, gissimilar markers, while temporal coding plays a sec-
interval paradigm without extensive prior training. This may ondary role(Vliegen et al, 1999.

also explain why performance deteriorates so dramatically in
_W|th|n—channel gap detection, whgn a Ievz_al difference is ACKNOWLEDGMENTS
introduced between the two otherwise identical markers.
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