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When the source of a tone moves with respect to a listener’s ears, dighoiticeraural phase and
amplitude modulations(PM and AM) are produced. Two experiments investigated the
psychophysical characteristics of dichotic linear ramp modulations in phase and amplitude, and
compared them with the psychophysics of diotic PM and AM. In experiment 1, subjects were
substantially more sensitive to dichotic PM than diotic PM, but AM sensitivity was equivalent in the
dichotic and diotic conditions. Thresholds for discriminating modulation direction were smaller than
detection thresholds for dichotic AM, and both diotic AM and PM. Dichotic PM discrimination
thresholds were similar to detection thresholds. In experiment 2, the effects of ramp duration were
examined. Sensitivity to dichotic AM and PM, and diotic AM increased as duration was increased
from 20 ms to 200 ms. The functions relating sensitivity to ramp duration differed across the stimuli;
sensitivity to dichotic PM increased more rapidly than sensitivity to dichotic or diotic AM. This was
also reflected in shorter time-constants and minimum integration times for dichotic PM detection.
These findings support the hypothesis that the analysis of dichotic PM and AM rely on separate
mechanisms. €2003 Acoustical Society of AmericaDOI: 10.1121/1.1525286

PACS numbers: 43.66.AhRB]

I. INTRODUCTION magnitude up to modulation rates of 40—-60 H&reen

_ _ _ ~etal, 1976; Wittonet al, 2000, and is not affected by sev-
~Interaural differences in phase and amplitude permit &ra| tens of decibels of fixed interaural level differertiét-
listener to determine the horizontal bearing of the source of gy et al, 2000. In other words, at low modulation rates,
tone (Rayleigh, 1907. Moreover, when the source of a con- gypjects can make use of the interaural phase-delay present
tinuous tone moves in the horizontal plane with respect to &, the dichotic PM stimulus, enabling detection to occur at
listener(or the listener’s ears move with respect to the tone’syma|ier modulation depths than the detection of monaural or
source, as when the.head is turpedichotic modulations in diotic FM. Henning and Zwickef1984) noted the absence of
the phase and amplitude of the sound are produced. In thig,h an advantage for detecting dichotic over diotic AM.
paper, we report studies of dichotic phase and amplitude It has been suggested that the responses of human lis-
modulation(PM and AM) as cues to motion. teners to moving tone stimuli cued by dichotic PM are slug-

Sinusoidal modulations of dichotic phase can be pro-; . L L
) . . gish or slow. This suggestion is based principally on obser-
duced by presenting sinusoidally frequency-modulated) vations that thresholds for discriminating modulation of

signals to e_ach ear and mtroducmg a phase—dglay .be.twe?rqteraural temporal differencéblD) from FM of a low-pass
the modulations at each ear. Despite the physical similarit

between FM and dichotic PM, detection thresholds for sinu¥10ise deteriorate-rapidly with increasing. modulation rate
soidal dichotic PM are an order of magnitude smaller than(Grantham and Wightman, 19%8-urther evidence for slug-

monaural or diotic thresholds for sinusoidal FM, when theg!zrness was prowdeld It\)ﬂ;;'\n;iasurﬁment_s ofhm|r;]|mumh au-
modulation rate is 1 HZGreenet al,, 1976; Henning and Ibie movement ang ef( . }—the azimut t'roug
Zwicker, 1984: Zwicker and Henning, 1985; Wittt al. which a sound source is required to move for a listener to

2000. This dichotic advantage persistith decreasing determine that it i; moving or to discriminate the moving
source from a stationary sound. Perrott and Musi¢aav7)

showed that the MAMA for a free-field moving sound in-
dElectronic mail: c.witton@aston.ac.uk creases with increasing sound-source velocity. This finding
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was later confirmed for simulated sound movemgener- A
ated by varying the output levels of two loudspeakers
where MAMA increased sharply as stimulus duration was & Part 1 Part 2 (Equation 2 or 3)
decreased below 100—150 riGrantham, 1986 indicating a (Equation 1)
long time constant or, equivalently, a sluggish system. Chan-
dler and Granthan{1992 again showed that MAMA in-
creased with increasing velocity and calculated a minimumg
integration time of 336 ms for dynamic spatial resolution of =
a 500-Hz tone.

A common problem in sound movement research is that
attempts to identify the contributions of velocity, distance, t= rstart t = rstop
and duration of movement are confounded by their interrela- Time (1)
tion and it can be difficult to determine which is the control- ) ) ) ]
ling variable in an experiment. However, taken with the find-FIGf L Skgtch of the ramp modulation as a functlon_of time. The stimulus
. . AL . . is divided into three parts; the modulation itself begins at tistart and
ing that velocity discrimination thresholds deteriorate withends at time'stop See text for details.
increasing reference velocity, Grantham'’s data have been in-
terpreted to mean that subjects are relatively insensitive t@rantham, to calculate time constants for detection of these
changes in theelocityof sound movement, and, further, that modulations.
movement sensitivity is specifically impaired at high move-
ment velocities. Recently, Carlile and Be&002, using  |. EXPERIMENT 1. DETECTION AND DISCRIMINATION
broadband stimuli presented in virtual auditory space, havdHRESHOLDS FOR 1-s RAMP MODULATION
suggested that the auditory system actually can discer8TIMULI
movement velocity, but that velocity discrimination perfor- A. Methods
mance is greatly improved by the use of displacement cues ]
in addition to velocity cues. 1. Subjects

Grantham(1982, 1984 provided evidence that dynamic Five trained subjects took part in experiments to mea-
ITDs are processed differently from dynamic interaural in-sure detection and direction-discrimination thresholds for di-
tensity differenceglIDs), when he showed that thresholds chotic ramp modulations of phase and then of amplitude.
for detecting fluctuating I1IDs increase less than thresholddhree of the subjects also took part in threshold measure-
for detecting fluctuating ITDs as the rate of fluctuation isments for diotic phase and amplitude ramps. The subjects
increased. There is, therefore, evidence for some differenceere aged between 20 and 45 years of age, one was female,
between the temporal aspects of the mechanisms by whichnd none had any known hearing loss or neurological disor-
dichotic phase and amplitude cues are processed. It is poger. All of the subjects underwent a period of at least 5 h
sible that such differences could have affected the results dfaining before data collection.
previous studies of sound movement perception that have
used stimuli composed of different cues. 2. Stimuli

In this study, we sought to extend the findings of Witton  The signals were generated using Tucker-Davis Technol-
et al. (2000 by examining the psychophysics of dichotic lin- ogy equipmentTDT System I). The required waveforms
ear ramp modulations similar to those which occur duringwere created digitally and scaled to fill the dynamic range of
the movements used in previous studiesg., Perrott and two independent 16-bit digital-to-analog converters. The
Musicant, 1977; Grantham, 1986; Chandler and Granthamsampling rate was 40 kHz and the signals for each ear were
1992. These ramp modulation stimuli give a percept of jow-pass filtered at 12 kHz, separately attenuated, and used
smooth unidirectional horizontal movement. We first deter+o drive calibrated Sennheisser HD40 earphones working in
mined detection thresholds for linear dichotic PM ramps, antphase.
for linear diotic PM ramps where no interaural delay was The modulations were linear ramps in phase or ampli-
present. Then, to investigate sensitivity to directioather  tude, imposed on a 500-Hz pure tone and presented at 55 dB
than the simple presence of a modulajiome measured SL. The stimuli had a total duration of 1000 ms and are best
thresholds for discriminating between leftwards and right-described by subdividing them into three parts, each of
wards movement. Analogous measurements were also magghich can be defined by a single equation. This subdivision
for dichotic and diotic amplitude modulations, allowing us to is illustrated in Fig. 1. For the first part of the signs(t), a
test Henning and Zwicker’s finding that no dichotic advan-pure unmodulated tone of frequerfcequal to 500 Hz in the
tage occurs for AM stimul{Henning and Zwicker, 1984In  present study of amplitudeA, occurs for 20 ms and is given
a second experiment, we investigated how sensitivity to linty
ear ramps in dichotic PM and AM was affected by restricting .
the duration of modulatiofand hence the extent and dura-  S(D = ASIN27ft) (0<t<0.02. @)
tion of any perceived motignThis experiment was designed During this 20-ms unmodulated portion of the stimulus, the
to allow the comparison of thresholds for isolated dichotictone is gated on with a half-Gaussian envelope. The second,
PM and dichotic AM with the data from Grantha(t986 modulated portion of the stimulusluration 960 mscan be
and Chandler and Granthaf@992, and to allow us, like an increaséas illustrated in Fig. lor a decrease in phase or

Part 3
(Equation 4)

Dep

Between rstart
and rstop
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(Borm)
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and rstart
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After rstop
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amplitude, and is defined differently according to the paramin the dichotic conditiojy there is aninteraural modulation

eter being modulated. The signal associated with a lineaof 2D, i.e., twice the depth of “monaural” modulation. In
phase modulatioiPM) is described as this paper, all thresholds are presented in terms of the “mon-
aural” depth of modulation at criterion; however, dichotic
Alt-rstary (rstart<t<rstop), (2) Phase or amplitude thresholds can be converted to threshold
rstop—rstart ’ depth ofinteraural phase or amplitude modulation by mul-

where the modulation indet.e., the maximum excursion of tPIYing by a factor of 21', _ _ ,

the ramp, equivalent to modulation depth expressed in radi- When identical PM is applied to both ears with no inter-
ans, but conventionally reported without upiis denoteds, ~ 2ural phase difference, as in our diotic PM ramps, the result-
and the termsstart and rstop denote the times at which the N9 stimulus is equivalent to a diotic frequency change. Be-
ramp modulation begins and ends; see Fig. 1 for details. A§2US€ frequency change is the derivative of phase change, the
the phase of the signal changes linearly, there is an acconf1r_equency modulation associated with the linear phase-ramp

panying frequency change, in the form of a square pulse. Thigkes the fprm of a square pulse, not a linear freguency ramp.
maghnitude of this frequency change is determined byake The magnitude of this square frequency pulse is determined
at which the phase is modulated. by the slope of the phase ramp, and the pulse is of the same

When linear AM is applied, the signal can be describegduration as the phase ramp. If the duration of a phase ramp
as follows: of a given depth is increased, its slope—and hence the mag-
nitude of the frequency pulse—decreases. Phase ramp detec-

s(t)y=Asin 27ft+

B m(t—rstart) | e tion thresholds can thus be converted to thresholds for dis-
s(h)=A I trstop—rstar) sin(2mft)  (rStan<t<rstop),  crimination of frequency pulses in HAF ) as follows:
3 8
where the symboin denotes the modulation indgfor AM, af= 2m(rstop—rstart) ' ©)

this is equivalent to the modulation depth as a proportion of . . Lo
the totalqamplitude of the signal P prop where B is the phase ramp depth in modulation index and

The third and final portion of the stimulus, after termi- (rstop—rstart) is the ramp duration _in secon(iee Fi_g. 1 for
nation of the modulation, is described by Ed) if PM was detaily. Therefore, where appropriate, PM detection thresh-

applied to the signal, or by Eq5) if AM was applied: olds are numerically expressed as frequency changes as well
' ' as phase changes.

s(t)y=Asin2xft+B) (rstop<t<rstop+0.02), 4

s(t)=A(1+m)sin(27ft) (rstopst<rstop+0.02. (5) 3. Psychophysics

The duration of the third part of the stimulus was 20 ms  In thedetectionparadigm, the target interval contained a
during which the sound was gated off with a half-Gaussiammodulated tone and the other interval contained a pure tone
envelope. of the same duration. When the modulation was dichotic, the

The modulation depths in the second and third parts ofvaveforms were presented in such a way that an increase in
the stimulus[Egs. (2)—(5)], 8 and m, were positive for an amplitude or phase occurred at the right ear, and a decrease
increasing ramgas in Fig. 3, and negative for a decreasing at the left ear. This resulted in the percept of sound move-
ramp. Note that for a sinusoidal modulation, the modulatiorment towards the right. When the modulation was diotic,
index would normally describe the amount by which the sig-increases in phase or amplitude were presented to both ears,
nal is modulated abovand below its average. For these in phase, resulting in perception of an increase in intensity, or
stimuli, it represents anidirectionalincrease or decrease in in a higher pitch. Subjects were simply required to report in
the parameter being modulated. which interval, first or second, the modulation had occurred.

If dichotic modulation was required, the ramps were ap-  In the discrimination paradigm, the target interval was
plied to the subjects’ ears with an interaural phase differencélentical to that in the detection paradigm but both intervals
such that an increase in the modulated parameter in one eeontained a modulation. Thus, for dichotic modulations in
was matched with a decrease of equal depth in the other eahe target interval, an increase in phase or amplitude was
If diotic modulation was required, identical signals were pre-presented to the right ear and a decrease to thérésftilting
sented at the ears. For a positiitgowards diotic phase or in a percept of movement to the righfThe other interval
amplitude modulation of a given deptB, the modulation contained modulations in the opposite direction, i.e., a de-
depth of the ramp in each ear wBs For a positive(right-  crease in phase or amplitude in the right ear, and an increase
ward9 dichotic modulation of the same depth, the modula-in the left ear. Thus, in one interval the movement of the
tion depth wast+ D in the right ear and-D in the left ear. intracranial image was to the right, and in the other interval
Therefore, in this example, the modulation depth, considerethis movement was to the left. Subjects were required to
at each ear independentfyymonaural” depth, was always report in which interval they perceived movement to the
D. When the degree dhteraural modulation is considered, right. For the diotic condition, in the target interval, an in-
however, the diotic and dichotic stimuli differ. For a diotic crease in amplitude or phase was presented to both ears and
modulation, the ramps in both ears are identical and there i the other interval, a decrease. Subjects were required to
an interaural phase or amplitude modulation of 0. Con- report which interval contained an increase in amplitude or
versely, when ramps are presented in opposite directams the higher pitch.
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Dichotic PM
[T Diotic PM

100 T I 1. Ramp detection

— Figure 2 shows thresholds for detection of dichotic and
10 » diotic PM[Fig. 2@)], and dichotic and diotic AMFig. 2(b)]
for the three subjects who took part in all conditions. The
dichotic performance of the other two subjects was similar to
that for the three presented hdeze the following section

! 0.1
01 The ordinate is shown on a logarithmic axis; depth of
7 P oot phase change is expressed on the left ordinate. Diotic PM
/A detection threshold&lear columnsare of a similar order of

Threshold (5}
AF at the right ear (Hz)

0.1 1

Threshold (m)
o
4

A dB at right ear

£ 0.01
0.001

E 0.001

0.0001

001 Sub 1 Sub 2 Sub 3 magnitude for all three subjects (meah5.5 [SD=6.7]).
We can compare diotic PM thresholds in this study with
(a) Dichotic and diotic PM detection those from Wittonet al. (2000 by converting into HZ Eq.
(6); see Sec. Il A for details This yields threshold values of
1 ‘ 3.3 for subject 1, 1.3 for subject 2, and 3.1 for subject 3.
T pentea™ | 1 Units of monaural frequency change are indicated on the
7 E1 right ordinate of Fig. 2. These values are approximately
equivalent to thresholds for detecting 1-Hz FM in our previ-
ous study(about 1.5—4 Hgand are in accordance with other
estimates of frequency discrimination threshold for long tone
durations(e.g., Henning 1970
There is some intersubject variability for dichotic PM
detection (shaded columns; mear0.1 [s.d=0.08]), but
sensitivity to dichotic PM is greater than to diotic PM for all
Sub 1 Sub 2 Sub 3 three subject$Fig. 2@]. Thus, the dichotic advantage for
detecting PM, previously described for sinusoidal stimuli
() Dichotic and diotic AM detection (Greenet al, 1976; Henning and Zwicker, 1984; Zwicker
FIG. 2. (a) Thresholds for detecting diotic and dichotic PM atmithresh- ~ @nd Henning, 1985; Wittoet al, 2000, was also observed
olds for detecting diotic and dichotic AM. Each pair of bars represents datdn the data described here. In those previous studies, the
from a single subject. Note the logarithmic scale on the ordinate. amount of interaural phase modulation was identical to the
amount of monaural phase modulation, so dichotic advan-
The discrimination paradigm contained two oppositetage could be expressed by simply taking the ratio of the
modulations, whereas the detection paradigm compared thresholds in each condition. Here, however, the interaural
modulation with a pure tone. Thus the extent of modulation phase modulation in the dichotic condition is twice the phase
when considered across both intervals, was twice as famodulation in each ear. If subjects detect dichotic PM on the
in the discrimination paradigm as it was in the detectionbasis of the monaural phase modulation, we could simply
paradigm. This was true for both diotic and dichotic modu-compare diotic and dichotic PM thresholds, which give 100-
lations. fold advantages for subjects 1 and 2, and a 470-fold advan-
Subjects responded using a set of push buttons, antge for subject 3. On the other hand, if the auditory system
feedback was provided by lights, which indicated the correctmakes use of thateraural phase modulation, then the mea-
response after the subject had made his or her choice. Fsured dichotic PM thresholds, which represent only the phase
each experiment, at least 100 trials were performed at eaathange at one ear, should be doubled to account for the over-
of 6 stimulus depths, to create a psychometric function. Thall interaural phase modulation in the stimulus. This yields
data were then fitted with a Weibull functiofWichmann  50-fold advantages for subjects 1 and 2, and a factor of about
and Hill, 2001a, I, allowing the estimation of threshold, 236 for subject 3. Whichever way the advantage is calcu-
which was defined as the stimulus depth corresponding ttated, subjects are clearly substantially more sensitive to PM
75% correct. All data were collected in an IAC soundproofedin the dichotic than the diotic condition as can be seen from
room. the plots in Fig. 2. In addition, the values from this study are
larger than those reported by Wittat al, for 1-Hz modu-
B. Results and discussion of experiment 1 lations where advantages of 10—20-fold were obtained. This
: difference may be because the ramp modulations used here
When presented with dichotic ramps in phase or amplicontain much slower modulations than the 1-Hz sinusoidal
tude, all five subjects reported perceiving smooth lineamodulations used by Wittoret al. (2000. Green et al.
movement of the intracranial image. Subjects reported thatl976 used modulation rates as low as 0.2 Hz and also
the increasing diotic amplitude ramps were perceived as #ound larger dichotic advantages.
smooth increase in loudness, and the increasing diotic phase When thresholds for detecting dichotic amplitude ramps
ramps were perceived as having a higher pitch sivgé- are compared with thresholds for diotic amplitude ramps
versafor decreasing ramps. For the subject, the diotic PM[Fig. 2(b)], a different pattern is observed. Dioficlear col-
detection and discrimination tasks were indistinguishablaimng and dichotic(shaded columnsamplitude ramp detec-
from a standard frequency difference limens task. tion thresholds are similar for all three subjead#otic AM:
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(a) Dichotic AM Detection and Discrimination {b) Dichotic PM Detection and Discrimination

0.25 1.0 0.30
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T 5 T 020 g
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g 010 04c © 0029
£ 3 £ 010 £ . i
[ 02 2 0.01% FIG. 3. Detection and direction-
0.05 [ Y 0.05 ' discrimination thresholds fofa) di-
0.00 L oo 0.00 L 0.00 chotic AM, (b) dichotic PM, (c) diotic
' Sub1 Sub2 Sub3 Sub4 Sub 5 Sub1 Sub2 Sub3 Sub4 Sub5 AM, a][“; (d) diotic PhM r:amps- Each
- i o - ) o pair of bars on each chart represents
ots (c) Diotic AM Detection and Discrimination ” (d) Diotic PM Detection and Discrimination data from a single subject; shaded
: - 4.0 bars denote detection thresholds and
0.16 0.6 @ 20 3.5 < unfilled bars denote discrimination
. 0.14 T s 30T thresholds.
€ 012 8 25 L 25§
2 010 04 I =
2, g % 20%
g 008 £ g1 1.5 ¢
£ 006 Lo2 T F e
0.04 2 5 -
0.02 < 05
0.00 0.0 0 L 0.0
Sub1  Sub2  Sub3
mean=0.11 [s.d=0.05]; dichotic AM: mean-0.14 [s.d. In the discrimination paradigm, the maximum extent of

=0.09)). Subjects 1 and 3 have a smaller threshold in themodulation across both intervals was twice that in the detec-
diotic condition, whereas subject 2 has the opposite pattertion paradigm, since the discrimination intervals contained
for thresholds. When a simple ratio of thresholds is taken, thenodulations in opposite directions and of equal depths. If
advantages are factors of 0.7 and 0.4 for subjects 1 and 8ubjects base psychophysical decisions on the overall extent
respectively, and 2.5 for subject 2, where a number less thasf modulation, rather than on the simple percept of modula-
unity denotes a “negative advantage,” or a disadvantagetion direction, discrimination thresholds could be as little as
When dichotic AM thresholds are multiplied by 2, to accountsgos of detection thresholds.

for the overall interaural amplitude modulation presentinthe  piscrimination thresholds for dichotic AMIFig. 3@]
stimulus, the advantages become 0.35 and 0.2 for subjectsgle hetween 27% and 49% of those obtained in the detection
and 3, and 1.2 for subject 2. Therefore, although some degre@ndition (Table ), suggesting that subjects are at least able

of dichotic advantage was observed for amplitude ramps, o make use of extent-of-modulation information in perform-
is not consistent across all subjects and the effect is negli—ng this task. There is also large variability in absolute
gible compared to that observed for detection of dichotic angy,reshold magnitude, clearly seen in Figa3 This is in

diotic phase ramps. accordance with previous observations of wide intersubject
variability in studies of perception of moving soungsg.,
Grantham, 1986 The fact that some subjects obtained dis-
crimination thresholds substantially lower than 50% of de-
Figures 3a)—(d) show both the modulation detection tection thresholdge.g., 27% is difficult to interpret. Our
(shaded columnsand discriminatior{clear columnsthresh-  fitting procedure(Wichmann and Hill, 2001a, )oprovides
olds for each subject, for dichotic and diotic PM, and di- estimates of the standard deviation of the thresholds; obtain-
chotic and diotic AM, all on linear axes. Table I shows dis-ing a detection-discrimination ratio as small as 0.27 when the
crimination thresholds, for each subject, expressed as fue ratio is 0.5 is somewhat unlikely and may well merit
percentage of the detection threshold for each modulatiofyrther exploration.
type. Data for the detection and discrimination of dichotic
phase ramps are shown in FigbBand in Table I. As for the
TABLE I. Ramp discrimination thresholds, expressed as a percentage aflichotic AM tasks, the overall extent of modulation in the
detection threshold for the same ramp modulation, for each subject and eagfjscrimination paradigm was twice that in the detection para-
stimulus. The bottom. row shows the mean' and standard deviation Qf per-igm. However, for dichotic PM, subjects’ discrimination
centages for each stimulus, across all subjects who collected data in eac . . .
condition. thresholds were a minimum of 76% of their detection thresh-
olds, indicating that the information about overall extent of
Subject no.  Dichotic AM  Dichotic PM  Diotic AM  Diotic PM  modulation in the discrimination trials did not contribute to

2. Ramp discrimination

1 3304 100% 50% 29% thresholds. This observation suggests that there is a major
2 28% 76% 42% 37% difference between the ways in which subjects detect or dis-
3 49% 110% 46% 46% criminate dichotic PM and dichotic AM. As observed for

4 27% 76%

dichotic AM detection and discrimination thresholds, there is
5 41% 86% ) . S .
Mean(sd  36%(9.3%  90%(15%  46% (4%  37%(8.5% a degree of intersubject variability in the absolute magnitude
of the dichotic PM detection and discrimination thresholds.
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Data for three subjects’ detection and discrimination ofdiotic sensitivity to amplitude change rather than by any
diotic ramps in amplitude and phase can be found in Figsother measurable factor.
3(c) and (d), respectively, and in Table I. For amplitude Our diotic PM detection task was essentially a
ramps, the ratio of thresholds varies between 42% and 50%equency-difference limens task, and this is supported by
indicating that, like for dichotic AM, subjects are able to the similarity of our thresholds with those reported by Hen-
make use of information about the difference between thaing (1970 and others for frequency discrimination. Di-
endpoints of the amplitude modulation in the discriminationchotic PM detection coul¢ht low modulation ratgse based
paradigm. on the percept of motion, or on some other qualitative per-
In the diotic phase ramp condition, subjects were esserceptual difference, as the modulation depth at threshold is
tially performing a frequency difference limens task in bothbelow that at which pitch cues could be used.
the detection and discrimination paradigtns., discriminat- The lack of a clear dichotic advantage for AM could
ing between two tones of different pitcHn the discrimina-  suggest that dichotic and diotic AM are processed in the
tion paradigm, the tones were simply twice as far apart inrsame way; for example, dichotic AM could be detected sim-
frequency as in the detection paradigm. Discriminationply by listening “monaurally” to the AM which occurs at
thresholds would therefore still be expected to be approxieither ear. However, the fact that the perception of the signal
mately 50% of detection thresholds for diotic phase, even ifs fundamentally different for dichotic and diotic AM sug-
subjects could not make use of information about the differgests that they are indeed sensitive to the interaural changes
ence between the endpoints of the phase-modulation. Diotithat occur in the dichotic AM stimulus. This implies that the
PM discrimination thresholds were indeed found to be 50%auditory system does possess a mechanism that can specifi-
or less than 50%, of detection thresholds, for all three subeally detect dichotic AM, although this may be limited by
jects who participated. diotic sensitivity to AM. Our data simply show that subjects
In summary, for dichotic AM, and diotic AM and PM, are approximately equally sensitive to diotic and dichotic
discrimination thresholds are 50% or less than 50% of detecAM.
tion thresholds, indicating that subjects are able to make use
of information about the overall extent of modulation When 5> pataction versus discrimination thresholds
discriminating between two opposite modulations. The lack

of even a 50% threshold-decrease in the discrimination para- Pichotic and diotic AM discrimination thresholds were
digm for dichotic PM indicates that subjects are unable tdess than 50% of detection thresholds for the same stimuli.

modulation information to perform this task. This observation implies that our subjects were making use
_ _ _ of information about the difference between the endpoints of
C. Discussion of experiment 1 the modulationgi.e., overall extent of modulationThis was

Although dichotic ramps in amplitude and phase are per@ls0 the case for the diotic PM tasks, but as noted above
ceived similarly(all the subjects reported hearing a smooth,Subjects were probably basing their decisions on pitch differ-
linear movement of the apparent source of the sound fron§Nces rather than modulation. I
the midline towards the right eiit is evident from the data For the dichotic PM thresholds, discrimination thresh-
described here that there are some significant differences belds were on average 90% of detection thresholds. The data
tween the detection-discrimination differences for these twdndicate that subjects are not basing their psychophysical
dichotic stimuli. The psychophysics of dichotic and diotic Judgments on the overall extent of interaural phase modula-
AM are similar, but there are clear differences between thdion across the two intervals, even though they are sensitive

psychophysically determined characteristics of dichotic and® the direction of the modulations, as evidenced by the fact
diotic PM. that they are capable of performing the discrimination. The

small magnitude of the threshold differences between the
detection and discrimination threshol@sspecially for sub-
jects 1 and Bimplies that they might be making use of the

As reported previouslyWitton et al, 2000; Henning  same qualitative information when performing the detection
and Zwicker, 1984; Zwicker and Henning, 1985t was 55k as well.

found that subjects are more sensitive to PM in the dichotic
than the diotic condition. This dichotic advantage was greater
than previously observed for 1-Hz sinusoidalg modulgtions“l' EXPERIMENT 2: THE EFFECT OF RAMP
. . . . DURATION ON DETECTION THRESHOLDS

perhaps because the modulations in our ramp stimuli were
slower and modulated in only one direction over the 1-s  Chandler and Granthait1992 showed that sensitivity
stimulus interval. Dichotic PM detection is, thus, not deter-to free-field sounds moving linearly in the horizontal plane
mined simply by the detection of diotic or single-ear modu-decreased sharply when the duration of the movement was
lation. restricted below 200 ms, indicating a sluggish system. The

The lack of a large dichotic advantage for detection ofresults of experiment 1 have suggested that there are some
dichotic over diotic AM is in accordance with previous find- significant differences between the psychophysically defined
ings (Henning and Zwicker, 1984; Zwicker and Henning, characteristics of dichotic PM and AM sensitivity. Therefore,
1985. Subjects do not appear to gain any advantage in dan experiment 2, we compared the effects of restricting the
tecting dichotic AM from the binaural cues available in the duration of the ramp modulation on sensitivity to dichotic
interaural modulation, and threshold appears to be limited byM and dichotic AM.

use extent-of-

1. The dichotic advantage
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A. Methods Figures 4b) and(c) show thresholds for detecting diotic
AM and PM, respectively. In Fig.#®), dichotic AM detec-
tion thresholds from Fig. (@) are replotted, and, similarly, in

The subjects were subjects 1 and 3 from experiment 1kig. 4(c) dichotic PM thresholds from Fig.(d) are replotted,
and one additional subjeétsubject 6”), and they were all for the purposes of comparison of thresholds for detecting
aged between 20 and 45 years. All underwent a training pediotic and dichotic modulations.

1. Subjects

riod of at leas 5 h before beginning to collect data. In Fig. 4(b), it can be seen that detection thresholds for
diotic AM decrease as durations are increased up to about
2 Stimuli 200 ms, in the same way as for dichotic AM thresholds.

o ) . . . _ Dichotic and diotic AM thresholds have approximately the

Stimuli were dichotic ramp modulations in phase or insame duration-dependency, although this similarity is less
amplitude, and diotic phase and amplitude ramps. They wergronounced for subject 1 between durations of about 50 and
designed exactly as described in Sec. Il A, except that thegg ms. Subject 6 has an approximately twofold dichotic
duration of the ramp portion of the stimulgsart 2 in Fig. 2 advantage at the shortest ramp durati@@ m9 but this de-
was varied so that thresholds could be measured for differendegses in an irregular way with increasing duration and is
ramp durations. The duration of the pure tone in the othefeyersed at durations above 200 ms. No such dichotic advan-
interval was always the same as the total duration of theyge is consistently observed for subjects 1 or 3, which con-
modulated tone in the other interval. For example, a 20-M$ms the lack of advantage observed in experiment 1.
ramp with 20-ms rise and fall time@ total of 60 m$ was In Fig. 4(c), it can be seen that detection thresholds for
always accompanied by a 60-ms pure téineluding 20-ms  giotic PM, plotted in terms of phase modulation index, in-
rise and fall timepin the nontarget interval. The carrier fre- ~raase with increasing ramp duration. This increase is sharp-
quency was 500 Hz and the interstimulus interval was 50Qgt gt the shortest ramp durations, between 20 and 160 ms.

ms. The shape of the curves confirms that ghepeof the phase
change, instead of just the extent, may be important in deter-
3. Psychophysics mining threshold. Phase modulation thresholds can be con-

Detection thresholds for each modulation were mea—:/lir\t)e dFimIJc;eeglzxilzgli;,e g?gz\év'gﬁ/l ig.té?:)ti(()zetehraelir?oﬁjegéta
sured using the same psychophysical procedure as for experi- g

ment 1. Thresholds were obtained for dichotic and diotic P mlorfui?s?ﬁe?hfggcg?gttzgt?ne t]:iiq:vznC%gﬁﬁ?gsehgﬂgu(;aetgi;;
and AM at ramp durations between 28 60-ms stimulus g ’ y

when rise and fall portions are added in; see Fjgarid 960 :‘I(\;I:hthlgccr)(tar?es:nrga_rzurant]lgg, I!llt('?)r:rs]etom:;\:ﬁs (rjel;:tailtl_’logntfllttha-sshofs
ms (a total sound duration of 1)s. P ulatl p duration. This p

tern of duration dependency is very similar to the many pre-
. vious accounts of the effects of tone duration on frequency
B. Results of experiment 2 difference limeng(e.g., Turnbull, 1944; Koig, 1957; Hen-

Data for all three subjects’ detection of dichotic and di-"iNg, 1970; Moore, 1972illustrating that subjects are effec-

otic AM and PM at ramp durations between 20 and 960 mdively performing a frequency discrimination task when de-
are shown in Fig. 4. tecting diotic phase ramps.

1. Effects of ramp duration on detection threshold

Figure 4a) shows detection thresholds for dichotic PM 2. Time constants
and AM as a function of ramp duration for all three subjects. Th lating thresholds for dichotic PM. f
Comparison of the two duration-dependency curves reveals € curves refafing thresholds for dichotic , Ire-

that for both dichotic AM and PM sensitivity is greatest at quency pulse detection, and dichotic and diotic AM to dura-

the longest ramp durations. When considered in terms otflon_ were fit_ted with exponential functions, 10 engbl_e com-
modulation index, thresholds for both dichotic PM and di- Parson of tlm_e constgnts for t_he decay of se_n5|t|V|t)_/. The
chotic AM are comparable at these longer ramp durations(.)nly expone_ntlal funqtl_on that fit thg data to give a 5|g_n|f|-
Thresholds are highest for the shortest ramp durd26rms cant correlation coefficier(r) was a single exponential with
and for both modulations they decrease sharply and appear Egree parameters,

asymptote with increasing ramp duration. However, the rate y=yo+ae T, @)

of decrease in threshold with ramp duration differs for each

modulation type. Dichotic PM detection thresholds decreasaheret andy are the duration and threshold values respec-
more sharply, approaching their minimum value at a duratiortively, y, is the asymptotic threshold valuajs a scalar and

of about 100 ms whereas dichotic AM detection thresholdsT is the time constant. All of the-values from these fits were
do not approach this plateau until durations are at least 20Qreater than 0.900p(<0.001), except for the dichotic PM
ms. This pattern is the same for all three subjects, althougbata of subject 6, which could not be significantly fit with a
the threshold of subject 6 at 20 ms is comparatively lessingle exponential. Table Il shows the time constants calcu-
elevated than for subjects 1 and 3, so the increase in sensated using this method for all three subjects, for dichotic
tivity with increasing duration is not as pronounced for thisPM, dichotic and diotic AM, and frequency pulses.

listener. Time constants for dichotic PM and frequency pulses are
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of the same order of magnitudéor the two subjects whose ing dichotic PM and frequency pulses are approximately
dichotic PM data could be fit with the curyendicating that  equally resistant to reductions in ramp duration. This obser-
the effects of reducing ramp duration on sensitivity are comvation might reflect the similar roles of temporal interval
parable for each stimulus. Due to the presence of a dichotimeasurements, based on phase-locked neural impulses,
advantage, subjects are making use of more than just diotiwhich may underlie both frequency discriminatigtenning,
information when detecting dichotic PM at threshold. How-1970; Moore, 197p and dichotic PM detectior(Palmer
ever, the dynamics of the mechanisms responsible for deteott al., 1998.
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30 : TABLE Ill. Minimum integration times for detecting dichotic PM and AM,

— o Subject 1 diotic AM and frequency pulses for three subjects, calculated using the

<3 25 —e— Subject 3 .

z 20 —s— Subject & method of Chandler and Granthaii992. See text for details.

52

-EO,, Frequency

£ Dichotic PM  Dichotic AM  Diotic AM pulse

'—
Subject 1 44.8 183.5 131.9 48.2
Subject 3 46.8 92.0 292.7 48.6

200 400 600 800 1000 Subject 6 - 159.4 266.0 80.0

Ramp Duration {ms)

FIG. 5. Detection thresholds for diotic PM as a function of ramp duration,
with thresholds converted to a measure of frequency pulse magriitimie

rather than phasesee text for details Grantham(1986 for movement simulated by stereophonic
balancing of the sound in two speakers separated by 30°
Time constants for dichotic and diotic AM are greater (Producing changing ITDs as well as changing 1lDshe
than those for dichotic PM and frequency pulse detectiontime-course of the decay in sensitivity with decreasing dura-
There seems to be no simple pattern of relations betweetion appears to be slower in Grantham’s data, since thresh-
time constants for dichotic and diotic AM across subjects an®lds become elevated at durations longer than 200 ms, al-
there is quite a range of variability among them. Henningthough there are clear intersubject differences. One
(1970 reported amplitude discrimination thresholds as adifference between the experimental paradigm employed by
function of tone duration, and showed that sensitivity de-Grantham (1986 and the one employed here is that
creased with decreasing duration. However, the time-cours@rantham jittered the spatial position of stimulus onset, in an
of this decay in threshold was slightly faster than the equivaattempt to stop subjects from basing their decisions on the
lent decay for frequency discrimination thresholds, at leastocation of the onset or offset positions of either interval.
for low carrier frequencies. This observation is not in accor-This did appear to have a slight detrimental effect on the
dance with ours, that dichotic and diotic AM detection performance of some subjects and could account for some or
thresholds have a longer time constant than dichotic PM anélll of the differences between our data. However, in a previ-
frequency pulse thresholds. This difference may arise fronous experiment where there was no jittering, thresholds still
differences between the effects of duration on amplitude disappeared to asymptote somewhere between 150 and 300 ms
crimination and amplitude modulation detection: in the latter(Grantham, 1986
stimulus, the amplitude is only at its maximum for a brief ~ The shape of the threshold-duration function for dichotic
time instead of for the whole duration of the tone. GranthanmPM and dichotic AM(i.e., an exponential deciais also simi-
(1982, 1984 found that sensitivity to dynamic [IDs was |ar to that calculated by Chandler and Granthd®92 from
more robust to temporal constraints than sensitivity to dytheir MAMAs at different velocities. However, the time-
namic ITDs, a finding with which our data are also inconsis-course of this decay is faster in the present paper, both for
tent. Grantham used broadband sounds and interaural diffegichotic PM and for dichotic AM. Chandler and Grantham
ences were modulated in a sinusoidal manner, which Coul(jlggg used a free-field moving source with a carrier fre-
be the cause of the differences between our reSpeCtive ﬁn(é]'uency of 500 Hz. When detecting movement, Subjects are
ings. With sinusoidal modulations, the number of times thaknherefore likely to have been making use of dichotic PM,
the modulation depth reaches its maximum is increased g$ther than dichotic AMas well as some spectral cues gen-
modulation rate increases, whereas our method of decreasiggated by the pinna and heads a cue. This methodological

ramp duration does not have such an effect. difference could account for the differences between our
findings.

C. Discussion of experiment 2 Similarly, Chandler and Grantham®&992 minimum
integration times—about 300 ms for a 500-Hz tone—are

1. Comparisons with data from other studies longer than the time constants reported here for either di-

chotic PM or dichotic AM. This difference probably results,
in part, from differences in the method of calculating the
integration time as well as differences in the data. Chandler
TABLE II. Time constants in ms for dichotic PM and AM, diotic AM, and an(.j Grgnthan@1993 pIOttec.j M.AMA against movem.ent du-
frequency pulses for three subjects, calculated using the ;nethod deécribedﬁﬁtlon (similar to our plpts in Fig. na”q calculated Integra-
the text. No data are available for the dichotic PM data of subjése6text 110N time as the duration corresponding to a MAMA 25%
for details. above the asymptote. For our data, we chose a different
method to quantify time constants, by fitting similar curves
with an exponential function. However, it is possible to cal-
culate minimum integration times for our data in the same

Subject 1 11.7 82.4 38.8 18.8 way as Chandler and Grantha1992, based on our expo-

The shape of the threshold-duration functions for ou
dichotic PM and AM stimuli is similar to that obtained by

Frequency
Dichotic PM  Dichotic AM  Diotic AM pulse

Subject 3 13.4 29.3 89.0 17.9 e - N
Subject 6 86.6 810 047 nential fits: the value ok [from Eq. (7)] wheny is 25%
Mean (sd 12.6(1.2 66.1(31.9 69.6(27.0 20.5(3.7) above the asymptotg,.

Table 11l shows the minimum integration time for the
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