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These experiments tested the hypothesis that detection of frequency mod(Ffipat very low

rates depends mainly on temporal informati{phase locking to the carrigfor carriers below about

5 kHz, whereas FM detection at higher rat@® Hz and abovedepends mainly on changes in the
excitation pattern(a “place” mechanism In experiment 1, thresholds for detecting FM were
measured for a wide range of carrier frequen¢@25—6 kHz for modulation ratesf,,,, of 2, 5, 10,

and 20 Hz. Thresholds were determined when FM only was present and when the carriers in both
intervals of a forced-choice trial were amplitude modulated at the same rate as the FM with a
modulation index of 0.333. The phase of the amplitude moduldi#d) relative to the FM was
randomly selected on each trial, in order to disrupt cues for FM detection based on changes in the
excitation pattern. For carrier frequencies up to 4 kHz, the deleterious effect of the added AM
increased with increasinfy,. For the 6-kHz carrier, the deleterious effect was independeht, of

In experiment 2, psychometric functions were measured for detecting combined FM and AM of a
1-kHz carrier, withf,,=2 Hz, as a function of the relative phase of the modulators. The modulation
depths for AM and FM were chosen so that each would be equally detectable if presented alone.
This was done both in quiet and in the presence of noise designed to mask either the lower or the
upper side of the excitation pattern. In contrast to earlier results obtained yithO Hz[Moore

and Sek, J. Acoust. Soc. A6, 741-751(1994], only small effects of relative modulator phase
were found. Experiment 3, was similar to experiment 2, except that all measurements were done in
quiet, and carrier frequencies of 0.25, 1.0, and 6.0 kHz were used. There were no effects of relative
modulator phase for the 0.25-kHz carrier, small effects for the 1-kHz carrier, and large effects for
the 6-kHz carrier. The pattern of results is consistent with the hypothesis that both temporal and
place mechanisms are involved in FM detection. The temporal mechanism dominates for carriers
below about 4 kHz, and for very low modulation rates. The place mechanism dominates for high
carrier frequencies, and for lower carrier frequencies when stimuli are frequency modulated at high
rates. ©1996 Acoustical Society of America.

PACS numbers: 43.66.Fe, 43.66.Hg, 43.66/BlaF |

INTRODUCTION (Siebert, 1970; Goldstein and Srulovicz, 197Rote that
ODhase locking here refers to synchronization to the audio

Traditionally, there have been two classes of theory t frequency, rather than to any subaudio modulation that the
explain the ability to detect frequency changes in sinusoids. 9 Y. : y . . .
Hmulus might contain. However, phase locking to sinusoids

One class assumes that frequency discrimination is based S to break d b A-5 KHz in th i
changes in the place distribution of activity in the auditoryappears 0 break down above 4- Z In the mammalian

system. For example, Zwickefl956, 1970 proposed a auditory nerve, so this mechanism probably does not work

model based on the concept of the excitation pattern. HQVET the whole audible frequency range. .
suggested that a change in frequency could be detected if the [t IS Possible that the mechanisms involved in frequency
excitation pattern changed at any point by more than about §iScrimination vary depending on the exact nature of the
dB. We have proposed a similar model, but one in whichstimuli. Frequency discrimination has been measured using
information is combined from all points of the excitation WO main methods. One method involves the detection of
pattern(Moore and Sek, 1994 Although these models are frequency modulatior(FM) (Shower and Biddulph, 1931;
based on excitation patterns derived from psychoacoustitlartis, 1952; Zwicker, 1952; Jesteadt and Sims, 1975;
data, it is generally assumed that the excitation pattern idloore, 1976; Moore and Glasberg, 1989; Sek and Moore,
related to a rate-place representation in the peripheral audt999. Typically, the subject is required to distinguish an
tory system, i.e., it is related to the driven neural firing rateunmodulated sinusoid from a sinusoid that is frequency
as a function of characteristic frequency, and does not denodulated at a low rate. We will refer to thresholds mea-
pend on neural synchronyphase lockinyto the fine struc- sured in this way as frequency modulation detection limens
ture of the stimulus. (FMDLs). A second method involves presenting a pair of
The alternative class of theory assumes that frequencguccessive tone pulses differing in frequency, and requiring
discrimination is based on information contained in the tem+the subject to indicate whether the first or second was higher
poral patterns of firing in the auditory neryghase locking in frequency(Harris, 1952; Moore, 1973; Wieat al, 1977;

2320 J. Acoust. Soc. Am. 100 (4), Pt. 1, October 1996 0001-4966/96/100(4)/2320/12/$10.00 © 1996 Acoustical Society of America 2320



Nelson et al, 1983; Moore and Glasberg, 1989We will rapid transitions between the extremes. The quasi-trapezoidal
refer to thresholds measured in this way as difference limenmodulation produced improvements in performance relative
for frequency(DLFs). to that obtained with 5-Hz sinusoidal modulation, and, for
There is evidence that different mechanisms determin¢ghe two lower carrier frequencies only, the improvements
FMDLs and DLFs. For example, the variation of DLFs with were markedly greater for FM than for AM detection. This is
center frequency is somewhat different from the variation ofconsistent with the idea that the use of phase-locking infor-
FMDLs (Moore, 1974; Wiert al, 1977; Coninx, 1978; De- mation depends on the time that the stimuli spend at fre-
many and Semal, 1989; Moore and Glasberg, 1989; Sek armgliency extremes.
Moore, 1995, although Demany and Semé&l989 found In summary, the work of Moore and Sek suggests that
that the variation was similar for FMDLs and DLFs deter- phase locking may play a role in the detection of FM, but
mined with 25-ms tone bursts, for frequencies up to 2 kHzonly for carrier frequencies below about 6000 Hz and only
Also DLFs and FMDLs are poorly correlated across subjectdor very low modulation rates. For rates of 10 Hz and above,
(Harris, 1952; Moore, 1976 Moore and Glasberd1986 it appears that FM detection can be explained in terms of
measured FMDLs and DLFs in hearing-impaired subjectsgxcitation-pattern modeléMoore and Sek, 1994; Sek and
and also estimated the shapes of the auditory filters in th¥loore, 1995. This paper presents a series of experiments
same subjects. They concluded that it was not possible t@esigned to provide further tests of these ideas.
account for both FMDLs and DLFs with an excitation-
pattern model of the type proposed by Zwicker. On thel. EXPERIMENT 1. DETECTION OF FM WITH
whole, excitation-pattern models appear to work better iPUPERIMPOSED RANDOM-PHASE AM
accounting for FMDLs than for DLF&Moore and Glasberg, A. Rationale
1989; Sek and Moore, 1995 .
Moore and Sek1995 suggested that both place mecha- . FMDLs were compareq for tv_vo conditions. In one, sub-
nisms and temporal mechanisms may contribute to the detelECtS Were required to identify which of two sequentially pre-
tion of FM, the relative contribution of the two depending on sented sinusoidal carriers was frequency modulated. The sec-

the carrier frequency and modulation rate. They measure8nd condition was similar to the first except that a fixed

psychometric functions for the detection of amplitude modu-amount of AM was imposed on both stimuli in a forced-

lation (AM) or FM, using a 2AFC task. Carrier frequencies choice trial. The modulation frequency was the same for the

were 125, 1000, and 6000 Hz, and modulation rates were ZA,‘M and the FM, but the phase of the AM relative to _the FM
5, and 10 Hz. For the two lower carrier frequencies, FmWas randomly selected on each trial. The AM was intended

detection tended to be best at the lowest modulation rat%0 disrupt cues for FM detection based on changes in the

while AM detection was best at the highest rate. For theeXcitation patterns of the stimuli. A similar experiment was

6000-Hz carrier, both AM and FM detection tended to be(r:non(;julci?dn t;?’ Mocrx]re arf1d4 GHIESE%@QE;Q,n%sEg tathsmgtlj% d
poorest at the lowest modulation rate. Sek and M@be95 odulation frequency o - 'hey fou at tne adde

. o . X AM did make performance worse and that the amount of
confirmed some of these findings in a separate experiment |5|e radation of performance was consistent with an
which FMDLs were measured over a wide range of carrier grad P
frequencies(0.25-8 kHz for modulation rates of 2, 5, and eXCI?rglsn}zzteti;ZTZ?ifnLent extends their work by measurin

10 Hz. For carriers of 2 kHz and below, FMDLs usually EM P P y 9

o . . DLs over a wide range of carrier frequencié&25-6
worsened with increasing modulation frequency. Above 4 . .
. o ) . kHz), using four modulation rates, 2, 5, 10, and 20 Hz, cho-
kHz, FMDLs improved with increasing modulation fre-

quency. sen to span the range from where phase locking is ug2ful

. Hz) to where it is probably not usefi0 Hz). Our predic-
10 HMooreda?cil Sel(lt995) sbugge(zjs'lted tr;at FM ﬁe‘ec“o.” at 4 fions were as follows. For carrier frequencies for which
~Hz moduiation rate 1S based largely on changes in e.xc'bhase locking occur@p to 4-5 kHz, the added AM should
tation level for all carrier frequencies. For a 2-Hz modulation

) . roduce a greater impairment of performance at high modu-
rate, and for the two lowest carrier frequencies, they sugp 9 P P g

ted that ; hani bably based h lation rates(where excitation-pattern cues dominatiean at
geste at an extra mechanism, probably Dased on PhARg, w4y lation rategwhere phase-locking cues dominate
locking, plays a role in the detection of FM. This mechanism

. _ .~ For high carrier frequencies, for which phase locking no
appears o sam_ple the_frequer!cy at d|ffere.nt Instants in t'm%nger occurs, the added AM should impair performance
and |t. may be meffecﬂye_ at h_lgh modulation rates becaus?oughly equally for all modulation rates.
the stimuli spend insufficient time at frequency extremes. In
other words, the mechanism based on phase locking mMaY method
show a form of “sluggishness” akin to the sluggishness that o
has been observed in binaural processing of phase-locking Stimuli
information (Grantham and Wightman, 1918 The carrier frequencyf() was 0.25, 0.5, 1.0, 2.0, 4.0, or

To check on this, Moore and Sék995 measured psy- 6.0 kHz. The level for both unmodulated and modulated
chometric functions for the detection of FM and AM using stimuli was always 70 dB SPL. Stimuli were delivered mon-
guasi-trapezoidal modulation with a rate of five periods peraurally to the subject’s preferred ear, using a Sennheiser HD
second and carriers of 250, 1000, and 6000 Hz. With thigt14 earphone. This earphone is designed to mimic the free-
form of modulation, the stimuli remain at the extremes offield response of the ear. Hence, the response at the eardrum
frequency or amplitude for relatively long durations, with is not flat at high frequencies, but it does vary smoothly.
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FM-induced amplitude changes, measured oreB&uKj er

type 4153 artificial ear, were less than 0.3 dB for all carrier 0.1 5' £.=0.25 kHz f.=2 kHz g
frequencies and modulation depths used in this experiment. [
Measurements using a probe microphone close to the ear-

drum (Rastronics Portarem 20D@onfirmed this figure. It n——n—'—'@/u

seems reasonable to assume, therefore, that the results weie 4, L 1 ,
not affected by spurious amplitude changes at the eardrum.
On each trial, two successive stimuli were presented,
one frequency modulated and the other unmodulated. Theg
order of the two stimuli in each pair was random. Each
stimulus had an overall duration of 1000 ms, including
raised-cosine rise/fall times of 20 ms. The time interval be- >
tween the stimuli was 500 ms. Modulation frequencies were .2 [ ]
2,5, 10, and 20 Hz. In one set of conditions, the only modu- - §/§_\-§_§

lation applied was the FM. In a second set of conditions, AM © 09t E3

T
M only
M and AM

i B |

frequepky)

0.002} + .
T

O1E ¢ =05 kHz T f.=4 Kz

carrie

tion

evida

was imposed on both stimuli in a trial. The AM had a fixed 3§ b—a——o—mu
modulation index of 0.333, corresponding to a peak-to-valley fol !

ratio of 6 dB. This is the same AM depth as used by Moore 7 o002[, : el — : ]
and Glasberg1989. It was chosen to be large enough to § % f=t ki T f=6 kiz E
disrupt cues for FM detection based on changes in excitation™

(8]

level, but not so large that it would induce substantial level-
related pitch shifts(Verschuure and van Meeteren, 1975;
Emmerichet al,, 1989. The AM had the same frequency as 0.01 1 i
the FM. The starting phase of the FM for each stimulus was ﬁ % §\§
chosen randomly from four possible values:#2, 7, and
3ml2. The phase of the AM relative to the FM was random, .| 1 i
and was chosen independently on each trial. 2 "% 202 5 o 20
The signals were digitally generated using a Masscomp Modulation frequency, Hz
5400 computer system via a 16-bit digital-to-analog con-

verter(DAC, Masscomp model DAO4HFor carriers upto2 FIG. 1. FMDLs expressed as peak-to-peak deviation divided by center fre-

kHz. the sampling frequency was 10 kHz and the output ofiuency and plotted as a function qf modu_lation frequency. Squa_res s_how
! piing d y P EMDLS when FM alone was used, in one interval of a forced-choice trial.

th.e DAC was Iow-pass filteretKemo VBFB/O‘."’ 90 dB/ogt Circles show FMDLs when random-phase AM of the same rate was present
with a cut-off frequency 4 kHz. For the carriers of 4 and 6in both intervals of a trial. Each panel shows results for one carrier fre-

kHz, the sampling rate was 25 000 Hz, and the output of th&uency. Results are averaged across three subjects. Error bars show the
DAC was low-pass filtered at 8 kHz standard error across subjects. They are omitted when they would be smaller

than the symbol used to represent a given data point. The increased size of
the error bars for the 6-kHz carrier reflects differences in overall perfor-
2. Procedure mance across subjects, rather than differences in the pattern of results.
Thresholds were measured using a three-down one-up,
two-interval, two-alternative, forced-choice adaptive proce-
dure. This estimates the 79.4% correct point on the psychc@udiometric frequencies and had no history of hearing disor-
metric function. The FM depth was changed by a factor ofders. All had previous experience in psychoacoustic tasks.
1.5 until four reversals had occurred and by a factor of 1.26I'hey were given practice in all conditions until their perfor-
thereafter. Each run consisted of 12 reversals, and the thresmance appeared to be stable; this took between 10 and 15 h.
old estimate for that run was taken as the geometric mean dfhe thresholds gathered during the practice sessions were
the FM depths at the last eight reversals. Six estimates wef@scarded.
obtained for each subject, and the thresholds reported here
are based on the geometric mean of the last four estimates.
The standard deviation of the logarithm of the four estimates
had an average value of 0.08; the maximum value was 0.28.
Lights were used to mark the observation intervals and=- Results
to provide feedback. Subjects were allowed as long as they The pattern of results was similar across subjects, so
wanted to make a response. The next trial began one secogdly data averaged across subjegsometric meanswill be
after a response had been made. Subjects were tested infliesented. Figure 1 shows FMDLs plotted as a function of
vidually in a double-walled sound-attenuating chamber.  modulation frequency for the two conditions: FM only
) (squares and FM with superimposed AM on all stimuli
3. Subjects (circles. Thresholds are plotted as the peak-to-peak fre-
Three subjects were tested. Subject AS was the secorgliency deviation divided by the carrier frequency. In the
author. The other two subjects were paid for their servicesabsence of added AM, the FMDLs vary only slightly with
All subjects had absolute thresholds less than 10 dB HL at alnodulation rate. However, there is a trend for FMDLs to

FMDL/f
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and Glasberg1989 for a modulation rate of 4 Hz; they
found an average ratio of 1.75.

To assess the statistical significance of the effects de-
scribed above, the ratios were subjected to an analysis of
variance (ANOVA) with factors subject, carrier frequency
(six values and modulation frequencyfour values. To
make the variance more uniform, the analysis was performed

on the logarithms of the ratios. The GENSTAT package used
| 1 J gave estimates of the standard errors of the differences be-
o FRERS H iy MRS + Y1 tween the mean scores for the different conditions. These
¢ i standard errors were used to assess the significance of the
differences between means using the degrees of freedom as-
sociated with the residual term in the analysis of variance
(Laneet al, 1987, p. 110 The main effect of carrier fre-
guency was marginally significanf(5,30=2.3, p=0.07
while the effect of modulation rate was highly significant
[F(3,30=27.8, p<0.001. The effect of subject was also
; ittt} +H H ' significant [F(2,30=7.18, p=0.003, although individual
fo=1 khz T fe=6 khz differences only accounted for a small proportion of the vari-
. | ance in the data. The interaction between modulation rate
3 and carrier frequency was marginally significdft(15,30
O\O/O_O =1.79,p=0.085. Planned comparisons revealed that the ra-
2 tio for a rate of 20 Hz was significantly greater than the ratio
for a rate of 2 Hz for carriers of 0.25 kHp<0.01), 0.5 kHz
(p<0.00), 1 kHz (p<0.0021), and 2 kHz(p<0.00). The
1}, . T, g difference was marginally significant for the 4-kHz carrier
5Modu|$ion ﬂfgqiency st 10 20 (p<0.1) and was not significant at 6 kHp>0.5).

! Overall, these analyses confirm that the addition of
random-phase AM made FM detection more difficult with
increasing modulation rate for carriers up to 2 kHz, but not

FIG. 2. Ratios of the FMDLs for the conditions with and without added for the 6-kHz carrier. The results are consistent with our
AM. Ratios greater than 1 indicate that the AM had a deleterious effect. predictions based on the idea that for low and medium fre-
quency carriers, FM detection depends mainly on a temporal

. _ . . . mechanism for low modulation rates and a pléeecitation
increase with increasing FM rate for carrier frequencies up to

2 kHz, and for FMDLs to decrease with increasing FM ratepatte”) mechanism for higher rates. The temporal mecha-
for the 6-kHz carrier. For the 4-kHz carrier there is no effect” > '> less disrupted by random-phase AM than the place

of modulation rate. These effects are in the same direction a _ec_ham_sm. It is noteworthy, howe_ver, that th_e add_ed AM
found by Sek and Mooré1995, and they are consistent with Id impair performance somewhat in all .condlmons, includ-
the idea that there is a mechanism for FM detection based dhY Fhose yvhere the temporal mechqmsm is assumed to
phase locking which only operates for low modulation ratesiominate, i.e., for the lowest modulation rate and for the
and for carriers below 4—5 kHz. The added AM clearly im- carriers qf 4 kHz_and below. This could be mter_preted in two
pairs performance for all conditions; the circles lie above theV@ys- It is possible that for very low modulation rates the
squares. For carrier frequencies up to 2 kHz, the amount dfM is codedboth by temporal mechanisms and by changes
impairment increases with increasing modulation frequency!n the excitation pattern. The random-phase AM may disrupt

Figure 2 shows the ratios of thégeometri¢ mean the second code, but not the first. Alternatively, FM at very
FMDLs for the conditions with and without superimposed!ow rates may be coded almost entirely by a temporal
AM; the larger the ratio the greater the deleterious effect ofme€chanism, but this mechanism may be disrupted by the
the AM. For the carrier frequencies of 0.25, 0.5, 1.0, and 2AM, possibly because of small changes in pitch with level
kHz, the ratio increases with increasing modulation fre-(Verschuure and van Meeteren, 1975; Emmerighal,
quency up to 10 Hz, but is roughly the same for modulationl989. Such pitch changes tend to be larger for very low
frequencies of 10 and 20 Hz. Fég=4 kHz, the ratio in- frequencies than for medium frequencies, so this explanation
creases as the modulation frequency increases from 2 to I6ads to the prediction that the deleterious effect of the AM
Hz, and then remains roughly constant. Fpr=6 kHz, the for a 2-Hz modulation rate should decrease as the carrier
ratio is roughly independent of modulation frequency. Thefrequency is increased from 0.25 to 1 kHz. A trend in this
ratios found for a modulation frequency of 5 Hz are similardirection is apparent in the data, but it is of marginal signifi-
to, but on average slightly larger than, those found by Mooreance(p=0.1).

[ £.=0.25 kHz

w S N -

FMDL(n=0.33)/ FMDL(1=0.0)
~N

—
T
1
T
1
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Il. EXPERIMENT 2. DETECTION OF MIXED kHz. The output of the DAC was low-pass filteréBern
MODULATION IN QUIET AND IN NOISE EF16, 100 dB/ogtwith a cutoff frequency of 4 kHz. The
noise was played cyclically and recorded onto digital audio
tape(DAT). During the experiment, the noise was replayed
Excitation-pattern models predict strong effects of rela-from the DAT, passed through a manual attenuator and
tive modulator phase on the detection of combined AM andyixed with the carrier.
FM, referred to as mixed modulatidiMM) (Coninx, 1978; The noise spectra were essentially rectangular. For the
Moore and Sek, 1992, 199Relative modulator phas&¢, | B noise, designed to mask the low-frequency side of the
is defined as in our earlier studiesloore and Sek, 1992, excitation pattern, the band edges were at 512 and 826 Hz,
1994; a value of 0 indicates that the frequency goes up whend the spectrum level within the passband was 49 dB
the amplitude goes up, while a value &p=m means that  (re: 20 uPa. For the HB noise, designed to mask the high-
the frequency goes up when the amplitude goes down. Ifequency side of the excitation pattern, the band edges were

previous experiments we showed that phase effects did oGy 1090 and 1515 Hz, and the spectrum level within the
cur, for a 10-Hz modulation ratéMoore and Sek, 1992In  passhand was 46 d@e: 20 wPa.

one study(Moore and Sek, 1994we started by measuring
psychometric functions for the detection of AM alone andz Procedure

FM alone, in three conditions: in quiet; in the presence of a ) ) )
noise, designated high-bar{#iB) noise, intended to mask The method for measuring psychometric functions was

the upper side of the excitation pattern evoked by the 1-kHzdentical to that described in Moore and SEi992, 1994.
carrier; and in the presence of a noise, designated low-barfgsychometric functions were f|rs'F mea}sured f_or the detection
(LB) noise, intended to mask the lower side of the excitatiorPf AM alone and FM alone, both in quiet and in the presence
pattern. Then, psychometric functions were measured fo?f each of the two noises descrlbeq above. Then, detectabil-
MM. The modulation depths for AM and FM were chosen solty Was measured for MM using pairs of values of AM and
that each would be equally detectable if presented alond.M that would be equally detectable if presented alone, both
Using a 10-Hz modulation rate, we found very large effectsn quiet and with the appropriate type of noise present. This
of the relative modulator phase for the AM and the FM. ForWas done for four values of the relative modulator phase for
example, with the LB noise, performance was best when th&M and FM, namelyA¢=0, /2, m, and 31/2.

AM and FM were in phase and was worst when the AM and

FM were in opposite phasgelative modulator phaseye, 3. Subjects

equal to radiang. Performance foAg=m/2 and 3r/2 was Three subjects were tested. Subject AS was the second
intermediate. When HB noise was used, performance wagythor. The other two subjects were paid for their services.
best for Ap=m and worst whenAp=0. These effects of Al subjects had absolute thresholds less than 10 dB HL at all
relative modulator phase were explained using a modejudiometric frequencies and had no history of hearing disor-
based on the concept of the excitation pattern—the nonders. Subjects AS and SF had extensive previous experience
optimal multichannel excitation pattern mod@floore and  in similar psychoacoustic tasks. Subject VC had little previ-

Sek, 1994. ous experience. Subject VC was given 10 h of practice be-
If FM detection for very low modulation rates is based fgre data collection began.

on phase locking rather than on changes in the excitation

pattern, then the effects of relative modulator phase shoulgh oo its

be reduced or absent when a very low modulation rate is

used. That prediction was tested in the present experiment, Psychometric functions for the detection of AM alone
which was similar to our earlier experiments, except that and FM alone are shown in Fig. 3. The percent correct scores

A. Rationale

2-Hz modulation rate was used. have been converted to the detectability indeék,(Hacker
and Ratcliff, 1979, and are plotted as a function of the
B. Method modulation index for AM or the peak-to-peak frequency de-

1 Stimuli viation in Hz for FM. In previous work using a modulation

' rate of 10 Hz, we found that’ was roughly a linear function

The level and timing of the 1-kHz carrier were the sameof the modulation index squaretMoore and Sek, 1992,

as in experiment 1. The starting phase of the FM for each994. However, the present data for a modulation rate of 2
stimulus was chosen randomly from four possible values: Opz did not fit this pattern. The data were fitted with functions
712, , and 37/2. The modulation rate was 2 Hz. The noises,of the form:
when present, were continuous throughout a run. The noises |
were identical to those used by Moore and $E594. Each d’=Snf @
noise band was digitally synthesized by summing sinusoidand
spaced at 0.1-Hz intervalgiving a repetition period of 10 4’ = sge 5
s). The amplitudes of the sinusoids were drawn randomly =SB, 2
from a Rayleigh distribution, and the phases were drawrwherem and 3 are the modulation indices for AM and FM,
randomly from a rectangular distributio®°—3609. Each respectively, an& and « are constants. The values $fand
noise was generated via a 16-bit digital-to-analog convertesr were adjusted to minimize the sum of the squared differ-
(Masscomp model DAO4Hat a sampling frequency of 10 ences between the data and the fitted values. The resulting
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FIG. 3. Psychometric functions for the detection of AM algtap row) and FM alongbottom), for a 1-kHz carrier in three conditions: quigiguareys with
LB noise (circles; and with HB noisgtriangles. Each panel shows results for one subject. The lines are fitted functions described in the text.

values ofS and« are given in Table |. The best-fitting func- the impairment was markedly greater for the HB noise. The
tions are shown as curves in Fig. 3. For the AM-detectioreffects of the noise on AM detection in the present experi-
data of subject SF, the detectability index for the largesiment were smaller, especially for subject SF. SF was also
modulation index seemed “out of line” with the other more sensitive overall than the other subjgetste the dif-
points, and the function was fitted to the data for the fourference scales on the abscissae for the three subjdicis
smallest modulation indices only. This was done because th@omewhat unclear whether the difference in the effects of the
fitted functions were used to determine the modulatiomoises across the two experiments is due to differences in
depths giving relatively small values df (<1.25, for use  modulation rate or to individual differences. Only subject AS
in the second part of the experiment. was common to the two experiments and he showed a some-
In our previous experiment using a 10-Hz modulationwhat smaller effect of the noise in the present experiment.

rate, AM detection was impaired by both bands of noise, and  Consider now the results for FM detectidower panel

TABLE |. Values of the constantS and « characterizing the best-fitting functions to the data of experiment 2
for detection of AM alone and FM alorisee Eq.(1) and Eq.(2)].

SF VC AS

Condition Modulator S a S a S a

Quiet AM 491 2.0 108 2.1 124 1.6
LB noise AM 150 1.5 35 1.7 96 1.4
HB noise AM 51 1.2 22 1.6 38 1.6
Quiet FM 3.45 1.9 0.83 2.6 1.23 1.4
LB noise FM 0.97 2.0 0.38 2.6 0.47 1.7
HB noise FM 1.85 1.8 0.18 3.3 0.71 1.5
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better performance with in-phase modulati@guares than
7 Tsrlomwo T T wIT T T T '] with antiphase modulatioiup-pointing triangles but VC
does not show such a trend. In the presence of LB or HB
noise (lower two rows, there is no clear effect of relative
modulator phase. This is not consistent with the predictions
of excitation-pattern models. It is noteworthy that subject AS
was also used in our earlier experiments using a 10-Hz
modulation rat€Moore and Sek, 1994and in those experi-
ments he did show substantial effects of relative modulator
phase.

To assess the significance of the phase effects, a within-
subjects ANOVA was conducted, with factors the “input”
d’ (five values, condition (no noise, LB noise and HB
noise, and relative modulator phagéour values. As ex-
pected, the main effect of “inputd’ was highly significant,
F(4,8=214.2,p<0.001, but neither of the other two main
effects was significanfp>0.1). There was a significant in-
teraction between condition and relative modulator phase:
F(6,12=9.07, p<0.001. Post hoc comparisons indicated
that in the no-noise conditiond, was significantly greater for
in-phase modulation than for antiphase modulation. No other
significant effects of relative modulator phase were found.

The diagonal dashed lines show predictions of the “in-
tegration model”(Green and Swets, 19Y4vhich assumes
that information about AM and FM is coded independently
and the information from them is combined optimally. Gen-
a0s o3 o a% ot 0% ko ipow o os 0w s orally, the obtained!” values lie reasonably close to the pre-

d” AM or FM only ~ d” AM or FMonly  d’ AM or FM only dicted values, so the data are consistent with the idea that the

AM and FM are coded independently. There are some cases

FIG. 4. Psychometric functions for the detection of MM. The detectability where the data appear to lie mostly above the predicted val-
ind'g;(/id’ly for I\I/:_lM Ir? plottet? as afunlftlti?ﬂ of t;]‘jf Va'ute of L‘?tf_ AM 3'_0”)6 ues(e.g., subject VC in all three conditionsr below the
O lone. Eac on Shovs esul o o iferent condilon: . predicted valuesie.g., subject SF in the presence of HB
results for one subject. Different symbols show results for different relativeN0iS8. These small deviations could well have been due to
modulator phases, as indicated in the key. The dashed lines show predictioggrors in estimating the psychometric functions for AM alone
of the “integration model” described in the text. and FM alone. For subject VC, the deviations may also re-
flect a long-term practice effect; she was the least experi-
enced of the three subjects and the psychometric functions
éc_‘)r detection of AM alone and FM alone were determined at

3k .
No noise

d’ for MM

d’ for MM

for MM

g7

in Fig. 3). For all three subjects, the addition of noise im-
paired performance. For subjects SF and AS, the LB nois ;
had a greater effect than the HB noise, whereas for VC th & start of the experiment. .

opposite was true. The deleterious effect of the noise could Overall, the small effects of relative modulator phase,

be explained in terms of either of the two mechanisms pOS{;md the fact that obtained scores were close to the predictions

tulated for FM detection: The noise would disrupt informa- oftthe mtegf[atlog r;m(_jel, suggest that A';]/I a‘.‘d FEA atg Z'thh
tion from part of the excitation pattern, and it would also rate are not coded via a common mechanism based on the

disrupt temporal information coded in patterns of phase lockEXcitation pattern. At most, the excitation-pattern mechanism
ing makes a minor contribution to performance. The results are

The functions fitted to the data in Fig. 3 were used tc)consistent with our proposal that FM is coded primarily by a

determine amounts of modulation for AM alone and Fm temporal mechanism for very low modulation rates.
alone that would give values af of 0.05, 0.35, 0.65, 0.95,
and 1.25. The modulation depthS gIVIng these values Werﬁl_ EXPERIMENT 3. DETECTION OF MIXED

then used to determine psychometric functions for MM, inpODULATION AS A FUNCTION OF CARRIER
each of the three conditiongn quiet, with LB noise, and FREQUENCY

with HB noise. The results are shown in Fig. 4. Each rowA Rationale
shows results for one condition. The different symbols rep-
resent different relative modulator phases, as indicated in the The proposed mechanism based on phase locking should
key to the figure. In contrast to our previous results obtainedhot operate at very high carrier frequencies, since phase lock-
using a modulation rate of 10 Hz, which showed very largeing does not occur in the mammalian auditory nerve for fre-
effects of relative modulator phag®loore and Sek, 1994  quencies above about 5 kfRalmer and Russell, 1986/Ne

the present results show only small effects of relative moduassume that, for high carrier frequencies, FM is coded by
lator phase. In quiettop row) SF and AS show a trend for changes in the excitation pattern even for very low modula-
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FIG. 5. As Fig. 3, but with each symbol representing a different carrier frequency: 0.28sgHares 1 kHz (circles, and 6 kHz(triangles. No background
noise was used.

tion rates. If that is the case, then, in the detection of MM afformance for the 6-kHz carrier and subject TG shows best
low modulation rates, effects of relative modulator phaseperformance for the 0.25-kHz carrier. The detectability index
should be observed for high carrier frequencies, but not fofor detection of FM(bottom row is plotted as a function of

low carrier frequencies. That prediction was tested in thepeak-to-peak deviation divided by the carrier frequency. For

third experiment. subjects SF and AS, performance measured in this way is
better for the 1-kHz carrier than for the 0.25- or 6-kHz car-
B. Method riers. This is consistent with our earlier resul{Sek and

The general method was similar to that of experimentZMoore’ 1995. However, for subject TG, performance is

. similar across the three carrier frequencies.
except that no background noise was used, and the carrier . . o
As for experiment 2, functions of the form specified by

frequencies were 0.25, 1, and 6 kHz. The modulation rateEq (1) and Eq.(2) were fitted to the data. For some of the

was 2 Hz. Two of the subjects, AS and SF were the same a : . .
for experiment 2. The other subject, TG, had normal hearinggata(SUbJeCt SF for AM detection, subject AS for AM de-

and was trained until his performance appeared to be stabl ection at 8 kHz, subject SF for FM detection at 6 BHne

This took 10 h. All other aspects of the experiment were the; et?Ct??'“tY, 'm.jt'ﬁﬁ fortthhe Iargetst mo;iutlr?tlcfm mtqex seemed
same as for experiment 2. out of line” wi e other points, an e functions were

fitted to the data for the four smallest modulation indices
only, for the same reason as stated earlier. The constants
defining the fitted functions are given in Table II. The func-
The psychometric functions for the detection of AM tions were used to determine amounts of modulation for AM
alone and FM alone are shown in Fig. 5. Results for SF an@lone and FM alone that would give values dif of 0.05,
AS for a 1-kHz carrier are taken from Fig. 3. For the detec-0.35, 0.65, 0.95, and 1.25. The modulation depths giving
tion of AM (top row), subject AS shows similar performance these values were then used to determine psychometric func-
across carrier frequencies, while subject SF shows best petions for MM using four values of the relative modulator

C. Results
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TABLE Il. Values of the constantS and a characterizing the best-fitting functions to the data of experiment
3 for detection of AM alone and FM alorjsee Eq(1) and Eq.(2)].

SF TG AS
Carrier, kHz Modulator S a S a S @
0.25 AM 471 1.8 76 1.3 47 1.3
1.0 AM 491 2.0 40 1.4 124 1.6
6.0 AM 1719 2.1 79 1.6 666 2.1
0.25 FM 5.44 1.5 5.4 1.7 2.6 1.3
1.0 FM 3.44 1.9 0.447 1.9 1.23 1.4
6.0 FM 0.038 1.7 0.036 1.6 0.015 1.7

phase. The results are shown in Fig. 6. Each row showterm practice effects. In this context it should be noted that
results for one carrier frequency. Data for SF and AS for thehe psychometric functions for AM alone and FM alone for
1-kHz carrier are taken from Fig. 4. TG were determined first for the 1-kHz carrier, at a time

For the 0.25-kHz carrier frequency, there is no consiswhen he was still relatively inexperienced. For AS, who was
tent effect of relative modulator phase. For the 1-kHz carriethe most experienced subject, the observed performance for
there is a trend for performance with in-phase modulatiorMM detection is very close to that predicted by the integra-
(squaresto be better than that for antiphase modulaiiop-  tion model.

pointing triangle§ especially for subject TG. However, the The pattern of results for the 6-kHz carrier is very dif-
effect is small. For both the 0.25-kHz and the 1-kHz carriersferent. Here, there are clear effects of relative modulator
the data generally lie reasonably close to the predictionphase for all three subjects. Performance is best for in-phase
based on the integration model, which assumes that the Afhodulation(A¢=0), worst for modulation in opposite phase
and FM are coded independently. The data for SF at 0.2pAp=1) and intermediate foAg=/2 and 37/2. This is the

kHz and TG at 1 kHz lie slightly above the predicted line, same pattern of results as observed in our earlier experiments
but this could be the result of errors in estimating the psyysing a 10-kHz modulation ratéMoore and Sek, 1992,
chometric functions for AM and FM alone and/or to long- 1994). However, in the earlier experiments this pattern was
observed for a 1-kHz carrier as well as for a 6-kHz carrier.
Here, the effect is very clear for the 6-kHz carrier, but is
small or absent for the lower two carrier frequencies.

To assess the significance of the phase effects, a within-
subjects ANOVA was conducted, with factors the “input”
d’ (five values, carrier frequencythree values and relative
modulator phaséfour values. As expected, the main effect
of “input” d’ was highly significant: F(4,8=381.5,
p<0.001. The main effect of carrier frequency was not sig-
nificant (p=0.785, but the main effect of modulator phase
was significant:F(3,6)=84.8, p<0.001. There was also a
significant interaction between carrier frequency and relative
modulator phaseF(6,12=32.9, p<0.001. Post hoccom-
parisons showed that there was no significant effect of rela-
tive modulator phase for the 0.25-kHz carrier. For the 1-kHz
carrier,d’ was significantly greater for in-phase modulation
than for antiphase modulatiofp<0.00)), andd’ was just
significantly greater foA¢=3#/2 than forAp=m (p=0.05.

For the 6-kHz carrierd” was significantly larger for in-phase
modulation than for all other relative modulator phasps
<0.00). d’, not differ significantly forAe==/2 and Ag
=37/2, butd’ for both these conditions was significantly
greater than foAe=17 (p<<0.00J.

For the 6-kHz carrier, performance farp=0 was well
above that predicted by the integration model. Conversely,
performance forAe=7 was below that predicted by the in-
> . Y Te tegration model. These results are not consistent with the
O TaM o FM oty A o M only AW or M anly . idea that AM and FM are coded independently. The pattern

of results is consistent with the non-optimal excitation pat-

FIG. 6. As Fig. 4, but with each row showing results for a different carrierte_'m model proposed by Moore and SE94, which pre-
frequency. No background noise was used. dicts phase effects of the type observed.

[ 0.25 KHz SF

d’ for MM

for MM

d4’
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In summary, the results for the 0.25-kHz carrier fre- mechanism appears to work less effectively when the tones
guency suggest that for a modulation rate of 2 Hz AM andare brief.
FM are coded by independent mechanisms; there was no It remains uncleawhythe temporal mechanism is slug-
consistent effect of relative modulator phase. The results fogish. The limitation does not seem to be in the auditory
the 6-kHz carrier suggest that AM and FM are coded by anerve, since the short-term frequency of sounds that are fre-
common mechanism, presumably based on changes in tligiency modulated is well represented in the responses of
excitation pattern produced by the modulation. The resultsingle neurons of the auditory nent&hanna and Teich,
for the 1-kHz carrier showed a small effect of relative modu-1989. It is possible that the limitation arises from the sto-
lator phase, consistent with a modest contribution to perforehastic nature of neural responses. In order to determine the
mance from excitation-pattern information, but a dominantfrequency of a sound from the response of a single primary
contribution from temporal information. neuron, the sound must be sampled for some time, since, in
general, a spike does not occur on every cycle of the stimu-
lus; it is not possible to determine unambiguously the period
IV. DISCUSSION of the sound from one, or a small number, of interspike in-

Overall, the results from all three experiments Supporttervals. Clearly, FM detection depends on the responses of

the basic hypothesis described in the introduction, that botH°r¢ than .Just'one heuron. However, Itis poss!ble that the
temporal and place mechanisms are involved in FM deteCphase-lockmg information in the auditory nerve is extracted
tion. Edwards and Viemeiste1994 have also presented at higher levels of the auditory system using a mechanism

evidence that more than one mechanism is involved in FMP'at @nalyses the timing information in single neurons, or

detection. The results suggest that the temporal mechanisr’?ﬁr,nall populations of neurons. Information may be combined

based on phase locking to the temporal fine structure of thgcrors]s neur;)ns aftler . thatth ar:glyss .h?s talfen placi. The
stimuli, only operates for carriers below about 4 kHz, and foymechanism for analysing the timing information may have

very low modulation rates. When the periodicity of the fine evolved to deal with ambiguity in the interspike intervals by

structure is changing too rapidly, the temporal mechanisn’?“"lmpllng over fa|fly. 'Ion.g time periods. ) , )
appears not to operate. The place mechanism dominates for Another pOSS'b.'“ty Is that the.slugglshness arises in the
high carrier frequencies, and for lower carrier frequencieﬁrocess that combines temporal information across neurons.

when stimuli are frequency modulated at rates of 10 Hz an _h|s combmatlo_n process may take time to operate eff_ec-
above. tively. It is possible that, for a pulsed-tones frequency dis-

We suggested earlier that the temporal mechanism igrimina_tion task, this process can operate on i_nfqrmation
sluggish(Moore and Sek, 1995: Sek and Maore, 1995 ;tored in memory, after the end pf each tone. Th|_s informa-
appears to operate by sampling the stimuli at different pointéIon may be available for a relat|v_ely long time, since each
during the modulation cycléHartmann and Klein, 1980; De- tone IS followed by a penod Of_ S|Ien9e. However, _for FM
many and Semal, 198%nd may be ineffective if the time detectlpn, the stored mform{;\tlon ml_ght be continuously
spent at the extremes is too shéMoore and Sek, 1995 overwritten. Hence temporal information could be used to

This may be a general characteristic of auditory processe:s(’;’si‘fj ;[:h'\j frequency of brief pulsed tones, but not to code
based on the analysis of temporal fine structure. For ex- S Lo
y p Finally, it should be noted that the limitations of the

ample, it has been shown that detection of FM of the fundai | hani dh | ificallv to th
mental frequencyf(0) of a complex tone is very poor when emporal mechanism proposed here apply speciically 1o the

the tone contains only unresolved harmoni€arlyon and relatively low modulation depths occurring in the region of
Shackleton, 1994; Plack and Carlyon, 189Bnother ex- the detection threshold for modulation. It is possible that a

ample of sluggishness in temporal processing is the binaur:;‘iemporaI mechanism can operate to some exten_t at modu_la-
P 99 P b g on rates of 10 Hz and above when the modulation depth is

sluggishness observed in the processing of interaural timin&/ Il ab h | ired for threshold
information (Grantham and Wightman, 1978, 1979; ell above the value required for threshold.

Grantham, 19956 In this context, it is noteworthy that the

processing of interaural timing appears to be more sIuggisN' SUMMARY AND CONCLUSIONS

than the processing of interaural amplitude differences The most important experimental results of this paper
(Blauert, 1972; Grantham, 1995 are as follows:

It has been suggested previously that DLFs for frequen- (1) Thresholds for detecting FM increased when
cies below 4-5 kHz are determined by a temporal mecharandom-phase AM of the same rate was added to every
nism even for very brief tone@vioore, 1973; Goldstein and stimulus. For carrier frequencies up to 2 kHz, the impairment
Srulovicz, 1977. If this is so, then it appears that the tem- produced by adding the AM increased as the modulation rate
poral mechanism can operate for brief stimuli, provided thatvas increased from 2 to 20 Hz. For a carrier frequency of 6
the periodicity is fixed within each stimulus. It is noteworthy, kHz, the impairment did not vary with modulation rate.
however, that DLFs do increase markedly with decreasing (2) Psychometric functions for detecting combined FM
duration, especially for low frequenciésiang and Chisto- and AM of a 1-kHz carrier, using a modulation rate of 2 Hz,
vich, 1961; Moore, 1973 Also, the ability to detect differ- were affected only slightly by the relative phase of the
ence infO between two steady tones containing unresolvednodulators for AM and FM. This was true both in quiet and
harmonics is very poor when the tones are b(Rfack and in the presence of noise designed to mask either the lower or
Carlyon, 1995 Thus even for steady tones, the temporalthe upper side of the excitation pattern. This contrasts with
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earlier results obtained using a 10-Hz modulation rat&Emmerich, D. S., Ellermeier, W., and Butensky, BL989. “A re-
(Moore and Sek, 1994which showed substantial effects of examination of the frequency discrimination of random-amplitude tones,

; ; ; ; ; and a test of Henning’s modified energy-detector model,” J. Acoust. Soc.
relative modulator phase. Both in quiet and in noise, the Am. 85, 16531659,

detectability of Combine_d AM and FM at a _2'HZ rate was Goldstein, J. L., and Srulovicz, P1977). “Auditory-nerve spike intervals
close to the values predicted on the assumption that AM andas an adequate basis for aural frequency measuremen®gyichophysics
FM are coded independently and the information from the and Physiology of Hearingedited by E. F. Evans and J. P. Wilsthca-

. . . . . . demic, London
independent codes is combined optimalthe integration oo ST 1995 “spatial hearing and related phenomena, * in

mode). _ _ _ _ Hearing edited by B. C. J. MooréAcademic, New York
(3) Psychometric functions for detecting combined FM Grantham, W., and Wightman, F. (1978. “Detectability of varying in-
and AM of a 0.25-kHz carrier in quiet, using a modulation teraural temporal differences,” J. Acoust. Soc. A83, 511-523.

rate of 2 Hz, were not affected by the relative phase of thé>r2ntham, D. W., and Wightman, F. [1979. "Detectability of a pulsed
! tone in the presence of a masker with time-varying interaural correlation,”

modulators for AM and FM. However, large effects _of rela- ;. acoust. Soc. Am65, 1509—1517.
tive modulator phase were found for the 6-kHz carrier; per-Green, D. M., and Swets, J. A1974. Signal Detection Theory and Psy-
formance was best for in-phase modulation and was worstchophysicdKrieger, New YorK.

: : : acker, M. J., and Ratcliff, R(1979. “A revised table of d’ for
for antiphase modulation. Small effects of relative modulatorHM_altemtive forced choice,” Percept. Psychopt8@. 168—170.

pha;e were found for_a_‘ 1-kHz Car_rier- For the 0.25 and 1-kHZyanis, 3. D.(1952. “Pitch discrimination,” J. Acoust. Soc. An4, 750—
carriers, the detectability of combined AM and FM was close 755.
to the values predicted by the integration model. For thelartmann, W. M., and Klein, M. A(1980. “Theory of modulation detec-

. ; i ; tion for low modulation frequencies,” J. Acoust. Soc. A6V, 935-946.
6-kHz carrier, performance for in phase modulation WaSJesteadt, W., and Sims, S. [1975. “Decision processes in frequency

ma_rkedly better than pre_diCted by the i_ntegration model, giscrimination,” J. Acoust. Soc. A7, 1161-1168.
while performance for antiphase modulation was somewhathanna, S. M., and Teich, M. G1989. “Spectral characteristics of the
worse than predicted by the integration model. responses of primary auditory-nerve fibers to frequency-modulated sig-

: : : nals,” Hear. Res39, 159-176.
The overall pattern of results is consistent with the fol Lane, P., Galwey, N.. and Alvey, N1987. Genstat 5. An Introduction

lowing general interpretation. The detection of FM for car- cjarendon, Oxford
rier frequencies below 4 kHz is probably determined mainlyLiang, C.-A., and Chistovich, L. A(1961). “Frequency difference limens

by a temporal mechanism for very low modulation frequen- as a function of tonal duration,” Sov. Phys. Acout.75-80.

; ; ol oore, B. C. J.(1973. “Frequency difference limens for short-duration
cies. The temporal mechanism appears to be sluggish; tH\é[oneS’,, 3. Acoust. Soc. Anba, 610~619.

stimuli have to spend _SUfﬁCient time at frequency extremesygore, B. C. J.(1974. “Relation between the critical bandwidth and the
for it to operate effectively. For modulation rates of 10 Hz frequency-difference limen,” J. Acoust. Soc. A5, 359.

and above, detection of FM probably depends primarily on &oore, B. C. J.(1976. “Comparison of frequency DL'’s for pulsed tones

; : ot and modulated tones,” Br. J. AudidlO, 17-20.
place mechanism based on changes in the excitation pattern e ¢ 3. and Glasberg, B. RL986. “The relationship between
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guencies up to 4 kHz. For carriers above about 4 kHz, the tivity, edited by B. C. J. Moore and R. D. Patterg@fenum, New York

place(excitation patternmechanism probably dominates for M°0'e: B. C. J., and Galsberg, B. R989. “Mechanisms underlying the
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