An effect of temporal asymmetry on loudness
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A set of experiments was conducted to examine the loudness of sounds with temporally asymmetric
amplitude envelopes. Envelopes were generated with fast-attack/slow-decay characteristics to
produce F—Sor “fast—slow”) stimuli, while temporally reversed versions of these same envelopes
produced corresponding S-«Fslow—fast”) stimuli. For sinusoida(330—6000 Hz and broadband

noise carriers, S—F stimuli were louder than F-S stimuli of equal energy. The magnitude of this
effect was sensitive to stimulus order, with the largest differences between F—S and S—F loudness
occurring after exposure to a preceding F—S stimulus. These results are not compatible with
automatic gain control, power-spectrum models of loudness, or predictions obtained using the
auditory image moddPattersoret al, J. Acoust. Soc. AmP8, 1890-18941995]. Rather, they are
comparable to phenomena of perceptual constancy, and may be related to the parsing of auditory
input into direct and reverberant sound. 200 Acoustical Society of America.
[S0001-496600)02606-7

PACS numbers: 43.66.Cb, 43.66.NIRVS]

INTRODUCTION used to describe sounds with differing attacks and decays.
Such sounds can be useful in any study attempting to de-
Sounds in the world can often be characterized as thecribe auditory processes involved in perceiving dynamic
result of two kinds of processes: producti@the act of driv-  stimuli, and especially those involved in processing attacks
ing an acoustic medium to vibratand filtering(the effects  and decays. For instance, if a tone with an instantaneous
of the medium upon the soupdEach of these processes attack and a gradual decay is reversed in time, the result is a
imbues specific characteristics to the sound. Driving forces,ew tone which shares many characteristics with the first
give a soupd its aFtack; striking a cymbal produces a rapiqe_g_, Fourier spectrum, peak amplitude, etelowever, the
attack, while bowing the same cymbal produces a veryyack and decay times of the two tones are radically differ-
gradual attack. Filtering, on the other hand, primarily shapeg¢ |n terms of driving forces and filtering, the first tone
the decay; a very stiff cymbal will decay more slowly than o mpjes an impulse delivered to a linear filter; interpreting
one composed of softer metal. The stiffness and mass of thee sacond in a similar manner implies a very different filter

cymbal affect its temporal envelope as well as its SpeCtraﬂbroadband, with a short time constanas well as a very

.char.acterlstlcs. of cours:e, there are many cases vyhere f'lte(ﬁffferent driving force (gradually increasing Differential
ing influences a sound’s attack, and where driving force

. : . rocessing of attacks and decays by the auditory system
control the decay, but for a wide variety of dynamic sound . . :
) L R should result in major perceptual differences between the
(e.g., percussion attack time is controlled primarily by the

2 . N o two stimuli.
driving force, while decay time is controlled by filtering.
. : It has been shown that temporal asymmetry can affect a

In fact, when we consider sounds from the perspective fimulus’ timbre (Cuti 4 R 1974 R d
of a listener, we realize that the “filter” affecting any par- sHlmulllelgflsr; IrDe t utling 132 it osner, " It" ) os',\(/len an
ticular sound is actually a combination of many interacting owec; M ’ algféc_)r\]/’ )4d ;perﬁegggl. 'g“ng or- 987
filters, including the source obje¢t.g., a violin string and ton an arcus, ;, VOS and Rasch,  or on, X1
coupled structureéhe violin body and air masseghe vio- ~ @nd even its pitctiHartmann, 1978 Best known is the study
lin's interior, the room containing both violinist and listeper ©f Cutting and Rosnet1974, who showed that changing the

Embedded in the sound’s decay is information about théttack time of tonal stimuli resulted in a change in timbral
characteristics of each of these filter components. The size §t€gorization, with subjects describing fast-rising tones as
a room, for instance, can be estimated from its reverberationPlucked” and slow-rising tones as “bowed.”
time, the materials which cover its walls, by the spectral ~ Pattersor(1994a, 1994pintroduced temporal asymme-
changes in the decay, etc. Similarly, the geometric shape dfY into the envelope of an amplitude-modulated tone by re-
struck objects can be discriminated based on the vibrationaersing the order of attack and decay of each cycle of the
modes apparent in their acoustic decéyakatos et al, modulator. In his so-called “damped” tones, each cycle had
1997). The ability to “parse” a sound in such a way as to an instantaneous attack followed by an exponential decay.
recover information about these different characteristics$Simply reversing the modulator in time produced “ramped”
would certainly be advantageous for any organism. Not onlyiones, with exponential rises and instantaneous decays. De-
would this ability assist in identifying sound sources by theirspite the fact that the two stimuli had identical energy spec-
physical characteristics, but it would also help orient the lis-tra, Patterson’s subjects reported that ramped tones had a
tener in reverberant space. stronger sinusoidal quality than damped tones, which
The term “temporal asymmetry'(Patterson, 1994das  sounded “hollow” and “percussive.” Clearly, the exponen-
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tial portion of the stimulus was perceived differently basedprocedure. Subsequently, in experiment 2, a magnitude esti-
upon its role as attack or decay. mation (ME) procedure was used to obtain absolute judg-
Vos and Rascli198) studied the perceptual onset time ments of loudness for tones and broadband noises. Finally,
(the moment at which a stimulus is judged to begitem-  the role of carrier frequency was examined, again using the
porally asymmetric stimuli. Two such stimuli were generatedME procedure, in experiment 3.
by gating 20-component harmonic complexes with trapezoi-
dal envelopes having identical decays, but different risd. EXPERIMENT 1
times. Pairs of these stimuli were repeated every 800 ms, and : . : . .
i . : : In this experiment, subjects made paired comparisons
subjects manually adjusted the time between first and Secor})detween the loudness of fixed-level standard tones and
tones to produce perceptual isochrony; that is, rhythmic _ .
. . variable-level test tones. Both standard and test tones were
regularity. From this study, Vos and Ragd®81) concluded ated with temporally asvmmetric envelones
that the perceptual onsets of these stimuli occurred at the poraly asy pes.
moment when their levels exceeded a relative threshold of. Methods
about 6 to 15 dB below their peak Ie_vels. Thus, perceptual Subjects
onset was strongly related to attack time. . . . .
Based on a suggestion by Wes&E995, Stecker(1995 Three college-aged, paid subject_s Wlth no_rmal audltor_y
used a similar method to examine the perceptual onset dfresholds from 250 to 4000 Hz participated in the experi-
smoothly varying 330-Hz tones of 250-ms duration. Attacks"€Nt- Although experienced at listening in psychoacoustics
and decays were sigmoidal, as opposed to the linear fom(ggnal detection and localizatipexperiments, all subJects_
used in Vos and Rascfi981). Alternate tones were time- were gnawgrg of.the purpose of the present study at the time
reversed, such that a stimulus with a fast attack and slo their participation.
decay(hereafter referred to as fast—slow, or B-vas fol- o
lowed by one with a slow attack and fast dedajow—fast, 2 Stimuli
or S—H. Each F-S, S—F pair was repeated every 1000 ms. The stimulus set consisted of four pure-tof830-H2
When subjects adjusted the division of this period to producstimuli, each gated by a different temporally asymmetric en-
isochrony, the time from F—S to S—F was shorter than thavelope, 250 ms in duration. Four envelopes were generated
from S—F to F-S, again suggesting that perceptual onsetssing the equations in the Appendix, which define a function
were earlier for stimuli with rapid attacks than for those with with the following propertiestl) It is smooth at all points in
slow attacks. In terms of the relative threshold model sugiime, with a continuous change in slod@) Attack and de-
gested by Vos and Rascti98]), the results indicate a cay portions are divided by a momentary amplitude peak,
threshold approximately 15 to 20 dB below peak amplitudewith no intervening steady-state perio@) The degree of
The S—F and F-S stimuli in Steckdd999 were temporal asymmetry is described by the peak time of the
equated in loudness using a perceptual adjustment task prienvelope, which is set using the paramaierAs shown in
to the temporal judgments. Unexpectedly, S—F stimuli werd=ig. 1, four values opt were used to generate two pairs of
judged to be louder than F—S stimuli of equal amplitude. Theenvelopes:—3/+3 and —1/+1. Note that the wider enve-
current study was designed to examine this result more eXepes generated witlpt=*+1 present greater total energy,
plicitly. In experiment 1, the relative loudnesses of F—S andshallower rise/fall times, an@y definition) more centralized
S—F tones were judged in a two-interval compari$dic) peak times than those witht=+3 (see Fig. 1 Howeuver,
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the comparisons of interest will be between equal-energy 1.00 T T T T T T T | ———
F-S and S—F envelopes with the same absolute valp of 77
Carriers and envelopes were multiplied with the phase of theg
carrier set to 0 deg at the beginning of each envelope. This§ .75}
multiplication was performed in software prior to running g
the experiment. & i
E os0}
3. Procedure s F-S Stimuli:

A two-interval comparisori2IC) procedure was used to E_ ------ 5; = -?
obtain relative loudness judgments among the four stimuli. g 0.25 - S-F Stimuli: -
Trials presented a standard stimulus in the first interval, fol- & e . z; Iy
lowed after 300 ms by a test stimulus for comparison. For

each trial, a new test stimulus was selected, at random, from 0.00,- 7l2 7'4 7'6 7|e slo 8l2 al4 els als o
among the four experimental stimuli, while the standard re- test stimulus presentation level (dB SPL)

mained the same for an entire run of 108 trials. Standards

were always presented at a level of 80 dB SPévels  FIG. 2. Results of experiment RIC procedur indicating proportion of

: : _ - : esponsegaveraged across three listenensdicating the test tone to be
throthOUI this paper are of equwalem 1-kHz sinusoid afouder than the standard, as a function of test-tone level. The standard was

signal’s peak amplitudewhile the levels of test stimuli were  ayays presented at 80 dB SPL. Overall, responses indicate greater loudness
selected at random from a set of nine possibilities: 70, 74for S—F tones than for F—S tones. Test tones it + 1 were louder than
76, 78, 80, 82, 84, 86, and 90 dB SPL. Subjects were told t&heir pt=*3 counterparts, consistent with the energy difference between
indicate, by button press, which interval contained the loude[6™- However, the patterm S vs S—Fresults is the same for the two

. e . pairs, and the shapes of the loudness functions do not differ among the four
stimulus. They were specifically instructed to base eachimui.

judgment on the “total ‘sound energy’ contained over the

duration of the sound,” ignoring other aspects, such as Figure 3 shows the same data averaged over presenta-
sharpness and timbre. Stimuli were delivered via Stax modg},, evel and magnitude gft, but plotted as a function of
SR-5 electrostatic headphones in a double-walled soundpe £_s5/s_F envelope characteristic of the standard in each

proof booth located in the basement of Tolman Hall on theyis Overall analyses of the response proportions given for

Berkeley campus. , each combination of standard and test tone indicate two
Blocks of 108 trials were organized such that each of the{hings: first, as noted above, S—F stimuli were judged as

four envelopes was presented as the test tone three timest;aémg louder than any particular standard more often than
each of the nine presentation levels, in random order. Th@vere the corresponding@qual-energyF—S stimuli. Second
standard remained the same for all of the 108 trials within 3ne difference between S—F and F—S versions of the e’nve-

particular block; a new standard was selected from among,,eq \vas greatest when the standard itself was one of the
the four potential envelopes for each new block. Each subg_ g gtimuli. Both the main effect of test-tone envelope and

ject completed 12 blocks with each of the four standardsyhe interaction with the envelope characteristic of the stan-
The resulting data were analyzed using logistic regressiony;rq were statistically significant for both paifpt=*1,

(SPSS, 1999 pt==3) of envelopes |§<0.05). Finally, linear regression
estimates based on the psychometric functions for one lis-
B. Results tener (subject CD indicate the magnitude of the loudness

As can be seen in Fig. 2, the range of levels used for test
tones was adequate to evoke nearly a full range of potential
responses. That is, subjects nearly always judged the tes
tone as being the louder when presented at 90 dB @PBL
dB above the standardand nearly always judged it to be the
quieter when presented at 70 dB SPL. The shapes of the
loudness function&elating response probability to presenta-
tion leve) do not differ among the four stimuli used; differ-
ences in loudness between the stimuli can be seen as later
shifts of the loudness functions. Overall, S—F stimuli were
judged louder than the standard significantly more often than
F-S stimuli ((<<0.05); this is discussed in more detail be-
low. Additionally, the effect of overall stimulus energpt
==+3 vspt==*1) is also significant; this is to be expected
due to the relationship between energy and loudness. Ther¢ F-S Standards S-F Standards
is no significant interaction between envelope type S vs _ _

S-F and siimlus energy. Therefore, Subsequent analysdlo,, St O mertEC pecedus oimuc, e e

cgmbine Stimu'" across magnitude pf instead focusing on  ap overall loudness advantage for S—F test tones appears for both types of
differences in its sign. standard, but the effect is significantly attenuated for S—F standards.

F-S Tones
S=F Tones

responses

f ‘louder

Proportion o
ot o 1 s 1
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difference to be approximately 1-3 dB following F-S stan-
dards, but less than 1 dB following S—F standards.

C. Discussion

The main finding of experiment 1 is that S—F stimuli
were judged to be louder than F-S stimuli of equal energy.:
A second finding is that the judgments were influenced by
the stimulus “context” immediately preceding the judged _
tone: the difference in loudness was greatest when judgecé
tones were compared to stimuli with F—S envelopes.

tude estimation

o

magni

II. EXPERIMENT 2: MAGNITUDE ESTIMATION
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. s . FIG. 4. Intersubject variability in rating datME procedurg The mean
While the main flndlngS of experiment 1 Clearly demon- value of magnitude estimations made by each subject is plotted as a function

strate that S—F tones are judged to be louder than equadt stimulus level. Ratings for noise stimuli appear on the left; ratings for
energy F-S tones, the finding that this difference dependignal stimuli are plotted on the right. Separate lines represent individual
upon the choice of standard is troubling. No theory whichSuPiects, who varied in both the rangedicated by the slopes of their

. . . .. loudness functionsand bias(indicated by their interceptsof their re-
assigns loudnesses to single stimuli in a context-free manngponses.
can account for this type of finding. Perhaps the context ef-
fect indicates a procedural influence, with listeners altering
their response criteria based on the identity of the standard.
In experiment 2, we sought to reduce this context effect b
eliminating the standard from each trial. Instead, we used
magnitude estimatiofME) procedure, where each response
indicates ambsolutejudgment for a single stimulus. While
the context for relative judgments in the 2IC task consists 0
the previous stimulugthe standard context in ME tasks
consists of the entire set of stimlifee, e.g., Mark§1988)].

We adopted a procedure quite similar to that of Steven
(1956, with a few critical differences. In one case, Stevens
presented listeners with a standard or “modulus,” set to aA. Methods
fixed level and assigned a magnitude, for instance, “10.”
Listeners were instructed to estimate the loudness of subsd- Subjects
quent test stimuli by assigning numbers to each, such thatthe One group of eight undergraduate volunteers, participat-
ratio of the response to the modulus equaled the perceiveilg to obtain course credit, was included in the pure-tone
ratio of the two loudnesses. That is, a stimulus 4 times agondition. A second group of eight undergraduates, recruited
loud as the modulus should be called “40,” one half as loudseparately, participated in the noise condition. All subjects
should be “5,” etc. In an alternative procedure, Stevensreported having normal hearing; however, audiometric test-
(1956 omitted the modulus but maintained the ratio inStrUC-ing was not performed in conjunction with the experiment.

tions by requiring listeners to respond with numbers whoséNone was informed about the purpose of the study prior to
ratios matched the relative loudnesses of the test stimuli. participation.

Since we hoped to eliminate the effects of relative judg-
ment in this experiment, we omitted Steveri$956 ratio o
instructions, instead asking subjects to simply assign numé- Stmuli
bers which matched their perceived loudnesses, using any In the pure-tone condition, stimuli were exactly as de-
scale with which they felt comfortable. In an effort to reducescribed for experiment 1, although their levels were changed
intersubject variability, however, we included a single “re- slightly (see below. However, carrier and envelope signals
minder” stimulus at the start of each run. Subjects were toldvere synthesized separately and combined in real time using
that this reminder, presented at a moderate fixed leveln analog multiplievoltage-controlled amplifigr just prior
should be called “50,” and that its purpose was to help themto amplification and stimulus delivery via earphones. Carrier
anchor their scales of loudness from run to run and day tphase(at the envelope’s initial samplevas set to 0 deg.
day. However, subjects were also told that they were free to  In the noise condition, the carrier signal was a white
choose any particular values for their ratings, so long as theyl Hz—20 kHz-0.1 dB) noise, generated by an analog noise
tried to be consistent across trialthe same loudnesses generator. As in the pure-tone condition, this carrier was
should produce the same ratings later in the experiméist  gated in real time using an analog multiplier, thus causing
a result, most subjects used scales centered arourie.$Q each trial to contain a different noise sample. The four enve-
0-100, 20-8Q although a few used very different scales lopes(see Fig. 1 used for gating were identical to those used
(see Fig. 4. in experiment 1.

We were also interested in whether these results would
eneralize to stimuli with different characteristics, in terms
of tonality, frequency, bandwidth, and regularity. Irino and
?’attersor(1996, for instance, found that temporal asymme-
try for ramped/damped modulation was reduced when using
poise, compared to tonal carriers. As such, we ran two con-
ditions in experiment 2: a pure-tone condition with the same
stimuli as in experiment 1, and a noise condition using a
é/vhite-noise carrier which changed from trial to trial.
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3. Procedure 0.50

At the start of each experimental run, subjects were pre-
sented with a “reminder” stimulus. A single enveloffe-S,
pt=-3) and level (80 dB SPL was used for this in all
conditions. Subjects were instructed to consider the per
ceived loudness of this stimulus to be “50,” and then rate
the magnitude of each of 72 subsequent test stimuli on ¢
scale of their choosing. The purpose of the reminder was tc
designate to listeners the median presentation level at th
start of each run; subjects were not instructed to use it as
reference, but to rate each trial independently. Each trial con
tained a single stimulus followed by a prompt on the com-
puter screen and the subject’s response. Test stimuli wer ~-g50
drawn randomly from the set of four envelopes and nine |Prev. Triak|{ F-S S-F
presentation levels, spaced every 3 dB from 68 to 92 dB | carrier: 330 Hz Tone
SPL. Note that this is a slightly larger range of levels than
that used in the 2IC procedure, and that the purpose of ramG. 5. Results of experiment(®E procedurg The mean loudness ratings
domizing levels is the same as in experiment 1: name|y, t@l’ 330-Hz tones(black and white bajsand broadband noise(i;l_atched .
provide a source of variation in stimulus loudness. Randompars, are plotted by test-tlone envelope shape, separately f(_)r trials |mmed|-
= . ately preceded by F-S trials and those preceded by S—F trials. Each listen-
ization was constrained to produce an equal number of présys ratings are normalized, usingzatransform, prior to combining data
sentations, within each run, for each envelope and levekcross subjectésee the tejt As in experiment 1, an overall loudness ad-
Here, stimuli were delivered to subjects via Etymotic ER_4svant§ge is obser_ved_for S—F stimuli, anq i§ signifi_cant_ly redu_ced following
earphones within a sin_gle-vyall_ed soundproof b_ooth. R{I‘;\Qﬁﬁesr_e';ufgn:grE;Z‘asrz:éenggesfnSt'ca"y significant differences be-

At the prompt, subjects indicated the perceived loudness
of the test tone by entering a numerical value on a computer
keyboard. As in experiment 1, subjects were instructed tdntercept of each subject’s loudness function using zhe
base each judgment on the total sound energy contained ovigansform: each ratingy) was transformed into a score
the duration of the sound, ignoring other aspects, such as =
sharpness and timbre. Each subject finished six runs, includ- z= &Sum,
ing an initial (discarded “training” run, and runs 2-6, T'subj
which were used in the subsequent analysis. The entire priyased on the individual subject's overall mean,() and
cedure was identical for the two conditiofigure-tone and standard deviationd,,) of responsesacross all presenta-
noise. tion levelg. Z-score ratings were treated as raw data points
for subsequent analysis by analysis of variagsBlOVA).

As stated above, this transformatitmhich follows from the
decision to treat the obtained loudness functions as linear

Figure 4 shows the mean magnitude estimations for eachormalizes both the slope and intercept of the loudness func-
subject, as a function of stimulus SPL. Notice that the ordition. While it is not useful for visualizing the relationship
nate is plotted in linear, not logarithmic, coordinates, andbetween intensity and loudness, by reducing intersubject
that the loudness functions are all approximately linear. Norvariability, it allows the pooling of data across subjects and
mally, magnitude estimation experiments produce ratio refacilitates the comparison of loudness functions for different
sponses, and the obtained loudness functions are power fungtimuli. A difference in loudness between F-S and S—F
tions. The linear functions shown in Fig. 4 indicate that ourstimuli, for instance, should result in a lateral displacement
subjects did not use ratio scales in estimating loudness; iref the normalized loudness functions, and a resulting differ-
deed, they resemble functions obtained when the scale Bnce between the meanscores, averaged across SPL, as
preassignedStevens, 1956 Stevens argued that such linear shown in Fig. 5. Mea-score loudness ratings are shown for
functions resulted from overly constraining the listeners’ re-330-Hz tones and broadband noises, plotted as a function of
sponses and that his magnitude estimation method, free die envelope shapes of both the test stimulus and that of the
such constraints, revealed the natural judgments to be baséskt stimulus on the previous trigl.e., the local context
on ratios, rather than linear scales. Without discounting th& his partitioning of the data allows us to examine the influ-
converging evidence in support of Stevens’ power law, weence of prior stimulation, despite the fact that judgments
might say that, based on our own subject’'s tendency to useere not intended to incorporate this local context, as they
linear scales in the absence of specific ratio instructions, thevere under the 2IC procedure.
idea that magnitude estimations are inherently ratios may For pure tones, the main effect observed in experiment 1
follow from procedural effects rather than any fundamentalwas reproduced using the ME procedure. Overall, stimuli
perceptual law. with S—F envelopes were rated louder than F-S stinquli (

Figure 4 also reveals large intersubject variation in both<0.05). In addition, there was a significant interactign (
the range and bias of their responses. To facilitate the pook:0.05) between the loudness ratings for a given stimulus
ing of data across subjects, we normalized the slope andnd the envelope shape of the context stimulus. Examination

0.25 ~ F-S Tones
S-F Tones

Mean Estimated Loudness (z—score)
[=]
o
1

B. Results
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of the simple effects of test-stimulus envelope for each conauditory-nerve fibers at high frequencigzatterson, 1994b
text reveals a significant loudness difference following F—SHe applied the auditory image mod@lM ) (Pattersoret al,,
(p<0.05), but no significant difference following S—F con- 1995, a modular framework for modeling the early auditory
text stimuli. system, to explain his results. While carrier frequency was
There was no significant difference between the resultsiot a focus of Patterson’s modeling work, there are at least
for noise and those for pure tones. As in the pure-tone conthree temporally asymmetric processing stages in AIM, each
dition, S—F noise stimuli received significantly higher ratingsrelated to frequency in a different manner. These stages are
(p<0.05) than F-S stimuli, and the difference was signifi-auditory filtering, neural encoding, and temporal integration
cantly greater (<<0.05) when preceded by F-S context (Irino and Patterson, 1996

stimuli. AIM’s representation of basilar-membrane activity in-
cludes narrow-band filtering, rectification, and compression
C. Discussion (Pattersonet al, 1995. Filters slightly mistuned from the

. s . carrier frequency of a stimulus respond differently to ramped
First, the main finding of experiment 1, that S—F tonesa d damped tones. The output waveform in response to a
were louder than F—S tones of equal energy, was reproduce mped tone is extended in time, while that to a damped tone

ik? ehxperimentdz, u:_;ing thed!\/IE_prochedurﬁ. T?fis wglztrue Loris more sharply peaked, with an amplified peak and attenu-
oth tones and noises, Inc icating that the effect did not Cated decay.Compression, which follows auditory filtering,
pend upon the tonal quality or the spectral makeup of th

— %nhances this difference by “squashing” the peaked re-
stimuli used. . sponse to damped tones. This results in greater overall activ-
Second, although the ME procedure was designed t

liminate the effects of local text. it did not. It is cl y in response to ramped tones. This mechanism is fre-
climinate the eflects of local context, 1t €I not. IS clear guency dependent. In general, increasing carrier frequency

?without changing the stimulus envelgpeill reduce the dif-
ference between responses to ramped and damped stimuli.
- SThis difference is naturally related to the similarity between
had F-S characteristics. . LT

: . the decay of the stimulus and that of the filter's impulse

Previously, two kinds of context effect have been re-

. . - : ) .response.

ported in magnitude estimation and ratio-scaling experi- S .
Later stages explicitly incorporate mechanisms of tem-

ments. Marks(1988, for instance, demonstrated that ma- ; . N .
: . : oral adaptation which are asymmetrical in time, responding

nipulating the overall range of presentation levels for each of_ . . S . . .
rapidly to increases in input level, but lagging behind rapid

two stimulus types can systemancally alter _Ioudness matChetfecreases. The end result of this adaptation is that the expo-
between the stimuli. This does not explain the short-term

effect of stimulus context observed in this study, since th%nential attack of a ramped sound has more influence on ac-
effect Marks described reflects differences across the entiré\égmogf dr;%d(zl dtr;?:qd%i?.r:geaﬁgr;e;?g;gg%g é(psom?nUal
stimulus set. Jesteadt al. (1977 demonstrated an influence y P Imultstl ug

of response history on magnitude estimations, whereby larg iSt tr;f'litt thesel mf;]:haanlsnjs, r?thler Fhan tge pehz:wor of ?u'
responses tend to be followed by large responses and sm flory TIers, piay the dominant role in progucing tempora

responses tend to follow small respon&asassimilativese- asymmetry in AIM, for two reasons: flrs_t, they exhibit a
qguential effect The current study, however, shows an as—muCh larger effect of temporal asymmetigino and Patter-

similative effect only when both the just-prior stimulus and son, 199|6* and secon_d, they pr_cnggle a be(';ter exprl]anatéon ford
the test stimulus have F—S envelopes. Responses to S—F té"sﬁpora azymr_netrykln nogperéoplc soun Sylsgu%Nisl ampe
stimuli in this case are not assimilated. Thus, the effect is nof"'® ampe _nmse(sA eroyd an atterson,_ B vvhile a
simply assimilative or contrastive, but depends upon the ercomprehensive treatment of these mechanisms is beyond the

velope of the stimulus being judged. Additionally, the con-S¢9P€ of this Paper, It is important to point out that these
text effect is asymmetric, in that F—S contexts affect subse@daptive mechanisms do not appear to be frequency depen-
quent judgments, but S—F contexts do not. These facts, alo nt. . , : .
with the agreement of results from both 2IC and ME proce- W€ became interested in AIM as a potential mechanism

dures, suggest that the observed context effect is not procf@ Producing temporal asymmetry in the loudness of F-S

dural in origin, but may instead relate to the mechanism re@nd S—F tones, and posed the following questions: Can AIM

sponsible for the difference between S—F and F—S loudnesBredict differences in thibudnesf F-S and S—F tones? If
We will return to this issue in the general discussion below SO Will the predicted difference be affected by carrier fre-
quency? Finally, will the loudness of high-frequency F-S

and S—F tones be judged by human listeners in agreement
with predictions from AIM?

As it stands, AIM does not generate direct predictions of
Pattersor(1994a, 1994pshowed that ramped tones pro- loudness; however, the software package itsieitludes a
duce a stronger sinusoidal percept than do correspondinigudness function which calculates a loudness measure based

damped tones, a finding not unlike that observed in the curen instantaneous activity in the temporally integrated audi-
rent study. In addition, he noted that this perceptual asymtory image. This measure is essentially the mean of activa-
metry was diminished for high-frequen¢y 3 kHz) carriers, tion across frequency channels, and represents the instanta-
and related that finding to the loss of phase-locking inneous loudness of a stimulus as it changes over time. Figure

context of previous stimuli. Specifically, S—F stimuli were
rated louder than F-S stimuli when the previous stimulu

IIl. EXPERIMENT 3: EFFECTS OF CARRIER
FREQUENCY
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FIG. 7. Results of experiment 3: loudness ratings for F—S and S—F tones
across carrier frequency. While AlNPattersonet al, 1995 predicts an
1.5 elimination of temporal asymmetry above approximately 3000 Hz, the ob-

® b served loudness advantage is consistently in favor of S—F tones across car-
@ g rier frequencies from 330—6000 Hz.

_§ - -

5 ing normal hearing, although audiometric testing was not
A B done. None was informed of the study’s purpose prior to
"é I T participating, and none had participated previously in any of
§> the earlier experiments in this study.

= 05 2. Stimuli

330 700 1500 3000 6000

Carrier Frequency (Hz) Sinusoidal carriers, 250 ms in duration, were synthe-

sized at 330, 600, 1500, 3000, and 6000-Hz carrier frequen-
FIG. 6. Instantaneous loudness as a function of t{@efor F—S (upper cies, using a starting phase of 0 deg. Envelopes were gener-
pane) and S—F(lower panel sounds. Values are predictions from AIM ated using the same procedure described in the Appendix
(Pattersoret al, 1999 and the parameter is carrier frequency. There are two . . . !
points to note: first, middle frequenci¢4500 and 3000 Hzare louder and were of the same form used in the prior experiments. As
overall than either high or low frequencies. Second, while F—S stimuli havdn experiment 2, carriers were gated in real time using an

functions which resemble their envelogese Fig. 1, S—F stimuli produced analog multiplier(voltage-controlled amplifigrprior to am-
continued activity following their offsets. Iitb), predicted loudness has lification for earphone presentation
been integrated over time, producing a single loudness estimate for eaé:r)l '

stimulus. Since the overall magnitudes of these estimates vary across fre-

quency, eac_h va_due_was nprmalizérﬂvided) by the mean of the t\_/vq e;ti— dg Procedure

mates for stimuli at its carrier frequency. The normalized mean is indicate

by the dotted line. As can be seen in the plot, AIM predicts a larger differ- Within each frequency condition, the stimulus presenta-

g{“;ﬁgﬁgmeeeq”u;iez”d S—F stimuli at low frequen388-1500 Hrthan  tjon and subject response procedures were identical to those

’ used in the ME procedures in experiments 1 and 2. Each

) o ) ] subject completed between six and eight experimental runs

6 displays these predictions as functions of time for eachy; a5ch of two randomly assigned carrier frequentiesult-

stimulus. By integrating these instantaneous estimates aCrogsy in four subjects per frequency conditjorSince not all

time, we generated overall loudness values for pure-tone sigypiects completed all eight runs, only runs 2—6 were used

nals with envelopes as in experiment 1 and carrier frequery,, syhsequent analysis. A single carrier frequency was used

cies from 330 to 6000 Hz. These showed that, as we foundqg, 4| stimuli in a single run, including the initial standard-

AIM predicts greater loudness for S—F than F-S stimuli aeye| presentation and all of the test-stimulus presentations.
low frequencie¢330-1500 Hz, but a marked decline in this  £requency conditions were not intermixed; all runs at one
temporal asymmetry above 3 kHStecker and Hafter, c4prier frequency were completed before moving on to an-

1998. The purpose of experiment 3 was to test this resulfyiher | gudness data were analyzed according to envelope
further by examining the loudnesses of F—S and S—F tON&§pe (S—F/F—$ and carrier frequency.

over a range of carrier frequenci€¢330—-6000 Hx, again
using the ME procedure.
B. Results

A. Methods The results of experiment 3 can be seen in Fig. 7. As in
the previous experiments, S—F tones were rated as louder
than F-S tonesp<0.05). This difference was consistent

Subjects were a new group of ten undergraduate volunacross all tested carrier frequencies, with no significant inter-
teers, participating to obtain course credit. All reported hav-action between carrier frequency and envelope type.

1. Subjects
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C. Discussion Finally, modeling results obtained with AlNPatterson
et al, 1999, show that, while it correctly predicts the main

louder than F-S tones, it incorrectly predicts that this di]‘fer—f'ndmg of expenme.nts. 1 apq &hough no_t Fhe effect of
ence should be reduced at high frequencies. Based on % ntex),_the model is |r_13_uff|0|ent for explalnmg the rgsults
AIM literature (Pattersoret al, 1995; Patterson, 1994a; Irino of egpe.rlment 3. Surprisingly, AIM predicts a reduct_lon or
and Patterson, 1996; Carlyon, 199@e assume that the pre- ellmln'atlon of temporal asymmetry above 3 kHz. With hu-
dicted frequency difference arises primarily due to processe,';snan Ilstene.rs, tfhe Ioudpe::s d|ﬁerep ce be:[[wegelrgHF—S and S-F
involved in auditory filtering. However, Irino and Patterson one\jvremr?lnlsd or (_:atrrlert :ﬁq':,lerﬁ:es UE tz' ¢ é has f
(1996 suggest that the greatest amount of temporal asym- de St odu potm £ud at, a If[)ufg Isths udy has ho-
metry arises later, in the temporal integration stage, which igusedon Jut gments &ou nefsrﬁsu s from o fedr research-
not frequency dependent; this raises an interesting questiof‘ai,rS Sl]fgg?s ka Torebgt(-:nerta P _entomenon”o ecay stu_ppres—
why, if most of AIM’s temporal asymmetry is attributable to sion (.or ack o ? etter termin emporally asymmetric
mechanisms which aneot frequency dependent, does AIM stimuli. Patterson’s(1994a, 1994p initial ramped/damped

predict such a large reduction in temporal asymmetry at higﬁtUd'eS' for instance, demon;tratepm?ral difference be-
frequency? Regardless of the answer to that question, fyveen ramped and damped sinusoids: damped tones produce

seems reasonable to assume that AIM could be modified 8 weaker “sinusoidal” component, as if the carrier contained
eliminate the effects of carrier frequency, but we have not" the damped decay were percepiually aftenuated. M_ore re-
undertaken such a modification in our work. cently, Schlauchet al. (1998 observed that the perceived

Regardless of the mechanisms producing frequency decmratlon ofddtamped tor_1es |s_fstrr110rt§:r thandtth ‘?It of corresporr:d-
pendence in AIM, our results show that the difference inm%ramdp_e ones,tag?mtas ! h eB ??pfth alswertlatsome ow
loudness between F—S and S—F tones exists across frequéﬁ— uced in perceptual strength. Both of these results are con-

cies from 330-6000 Hz. Among other things, this impliesgruent Wt'.thl éhose of the tcutr)rent studty; II? all three cgses,k
that phase-locking in auditory-nerve fibers is not necessar?Xponen lal decays seem fo be perceptually Suppressed, mak-

to produce the effect. ng smaller contributions to thg judgments.

Two other phenomena which may be related to the cur-
rent findings are deserving of mention here. First is the “de-
cruitment” phenomenon reported by Canevet and colleagues
(Canevet and Scharf, 199@vhereby tones and noises which
A. Main effect of greater loudness for S—F stimuli continuously decrease in level are perceived to decrease in
L.oudness more rapidly than would be expected from the
change in level. This would seem to be in agreement with

ur finding that F—S signalévhich are decreasing in level
for most of their duratiopare less loud, overall, than they
e§,hould be. However, decruitment appears to require stimuli
with durations greater than 1(€anevetet al, 1999, much
longer than any stimuli used in the current study.

While AIM correctly predicts that S—F tones should be

IV. GENERAL DISCUSSION

The primary finding reported here is the greater loudnes
of S—F over F-S stimuli, with slow-rise/fast-decay stimuli
perceived as being louder than fast-rise/slow-decay stimu
of equal energy. In effect, loudness mechanisms treat the t
ends of the stimulus differently based on their roles as eith
attack or decay. This effect was observed in every experi

ment, under both two-interval(2IC) and magnitude- . > .
u o val(2Ic) gnitu Using a similar stimulus, Neuhoff1998h recently

estimation(ME) procedures.
(ME) p showed that loudnesshangeis judged greater for simple

We believe that one may rule out several possible _ o )
mechanisms which might have caused this finding. One ignd complex tones increasing in level, relative to tones de-

automatic gain controlAGC), which predicts exactly the creasing by the same amount. While this phenomenon could

opposite, specifically that F—S stimuli should have beenalso be related to our current findings, several key points

louder than S—F stimuli. Since AGC mechanisms must uti_make comparing the studies directly difficult: most impor-

lize estimates of a stimulus’ envelope to adjust its level, the;}antly' Neuhoff argues that the perception of loudness change

naturally respond with some delay. When presented witﬁf’ f%nc’j\lamﬁn;falli/gcgjgferer&t from'f.the” p'ercte ptl:)nhpfl!oti dness
rapid increases in stimulus level, extra energy is allowed intdtSe!f (Neuhoff, aand specifically instructs his listeners

the system before the AGC can respond. Thus, the output 5E |gcrj10re _the overﬁll Ioudnesz of the stlrr&ulls. ieionfé %S n
an AGC will be greater in magnitude for stimuli with fast the decruitment phenomendGanevet and Scharf, 199

attacks than for those with slower attacks stimulus durations in Neuhoff's experiment were much
Spectral models which calculate loudness by integratin onger(1.8 § than in ours. The amount of level change was

activity across frequency bands prior(tw in the absence pf Iso limited to 15 dB, resulting in a much slower rate of

compressionZwicker and Scharf, 1965; Moore and Glas- ;:hange. TEird, v(\;hile N?UhOff founﬁ t?e redsults quirt]e similar
berg, 1996 predict little or no difference between the loud- or sinusoids and complex tones, he found no such asymme-

nesses of F—S and S—F stimuli, since no difference existly between white noises increasing and decreasing in level,

between their energy spectra. Similarly, temporally Syml,netyvhereas the differences in loudness found here were similar

ric mechanisms such as the autocorrelogré@taney and for the two carrier types.
Lyon, 1990 cannot predict a difference between F—S and
S—F stimuli[see Patterson and Irin@998 for a discussion

of temporal asymmetry in autocorrelogram modielBhus, In addition to finding greater loudness for S—F tones and
these models are also incompatible with our findings. noises, the current data also show significant effects of prior

B. Effect of stimulus context
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stimulus context. Specifically, preceding the test stimulugeverberant sound, providing the listener with a cleaner ver-
with an S—F context reduces or eliminates the loudness difsion of the direct stimulus, i.e., the source.
ference(i.e., the difference is greatest when stimuli are pre-  Although the stimuli used here were not generated pur-
ceded by F—S contextslt is important to note that, to our posely to resemble reverberated sounds, F-S stimuli are
knowledge, no existing models of loudness can account fosimilar to those observed in real rooms, with an initial tran-
this finding, as they normally assign loudnesses based on trstent followed by a slower decay. Conversely, an S—F stimu-
characteristics of single sounds, independent of previoukis is more like a room recording played in revefs@utsma
stimuli. In other words, the context effect we have demon-et al, 1987, which does not provide a sense of reverberation
strated suggests a mechanism with a time constant spannifigee Fig. 8 The reduced loudness of F-S relative to S—F
hundreds of milliseconds or even seconds. Aside from Neustimuli may then be the result of the auditory system com-
hoff's explanation of perceptual bias for rising ton@deu-  pensating for the apparent effects of reverberation in F—S
hoff, 1998b, 1998a none of the models discussed abovestimuli; eliminating the tail from the judgment of loudness
possesses time constants this long, and so they cannot malkecause it is interpreted as an acoustic by-product, rather
predictions regarding the effect. Perhaps models which cathan a meaningful part of the stimulus being judged. In other
accommodate our main findirig\IM, for low frequency car-  words, listeners perceptually “interpret” an F—S stimulus as
riers) could be extended through the addition of higher-ordeithe output of a system of reverberant filters introduced by the
mechanisms that operate on this longer time scale. environment. They then make judgments based upon their
We originally assumed that this effect of stimulus con-estimate of the input to that system. The manner in which
text was related to the direct use of standard-test comparlisteners acquire knowledge of the reverberant system is an
sons in the 2IC procedure; however, a nearly identical effecimportant issue which we will discuss below.
was obtained using ME in experiment 2. This suggests that Such compensation for environmental effects has been
the influence of local context on loudness judgments is notermed “perceptual constancy” and results in the perception
methodological in nature. Instead, we argue that this influof distal “object” properties, rather than proximal stimulus
ence reflects the perceptual processing of these stimuli, ind@roperties(Boring, 1952; Jameson and Hurvich, 198Bor
pendent of the judgment task. Specifically, we suggest thahstance, a white piece of paper appears to be the same color
our results[along with those of Patterso(l994a, 1994b, in sunlight and fluorescent lighting, despite large changes in
1995 and Schlauch1998] point to a general process of the proximal stimulus, including both the magnitude and
decay suppression, and that the effects of local context reflespectrum of reflected lighiGilchrist, 1977. While percep-
the natural dynamics of this process. tual constancies can be very strong and apparently automatic,
What would a general mechanism for perceptually supthey are not absolute or instantaneous; RA&97) writes of
pressing decays be good for? One possibility is that decays two-stage process in which a stimulus is initially perceived
are normally more informative about the characteristics oin a “literal mode” corresponding to its proximal features,
the listening environmer{primarily due to reflections, rever- and then in a subsequent “constancy mode,” where the vi-
beration, and room resonangéisan about the sound sources sual system has ‘“reinterpreted” the stimulus to match its
themselves. As shown in Fig. 8, even very short stimuli cardistal form.
produce rather lengthy decays due to room effects. Perhaps According to Rock(1997), a good example of this pro-
the auditory system “parses” the stimulus into direct andcess occurs in amodal completion, depicted in Fig).9The
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suppression” could take many forms, and it is possible that
existing or future psychoacoustic models of temporal asym-
1 metry, such as AIMPattersoret al, 1995, may provide a

! framework which accomplishes what we have outlined. The
effect of prior stimulation, which we have described as ad-
aptation to changing reverberant environments, could be
modeled by incorporating dynamic parameters controlled by
adaptive, memory-based, or explicitly cognitive functions.

a Literal-Mode b Constancy-Mode

FIG. 9. Amodal completion. The ambiguous figure(@ can be seen as
either a square lying next to an L-shaped objectiteral mode interpreta- V. CONCLUSIONS

tion), or (b) two overlapping square& constancy-mode interpretatjon In this paper, we have described an effect of temporal

asymmetry on the loudness of short-duraticn250 ms

literal-mode solution to this figure sees two objettme stimuli. In short, stimuli with fast attacks and slow decays
square and one L-shapedbutting, but not overlapping, (F-9 are heard as less loud than c'omparablle stimuli with
while the constancy-mode solution “fills in” the occluded slow attacks and f?St decgf/S—F).l This effect is pbservle:d
region, resulting in the perception of two overlapping CT0SS @ range of experimental procedu(@go-interval,

squares. While the literal-mode interpretation is correct, it ign@dnitude-estimationand spectral compositiohigh- and

superseded by the constancy-mode solution, which reprd@W-frequency pure tones, wideband noiskdditionally, the

sents a more likely state of affairs in the world. Rock doesdegree of effect is modulated by the envelope characteristics

point out that although the literal-mode solution is “super- of prior stimuli (the local context Neither of these effects is

seded” by the constancy mode, both perceptions may in fa&redicted by spectral mechanisms or AGC. The auditpry im-
be available to other cognitive mechanisms simultaneously".‘ge modelAIM) (Pattersoret al, 1999 correctly predicts

In addition, the formation of a constancy-mode interpretatior‘Fhe overaII.Ioudness advantage for S—F S,“”?”"' but incpr-
takes time. Sekuler and Palmer992 showed that, for vi- rectly predicts that the effect should be eliminated at high

sual displays similar to Fig.(®), it requires approximately frequencies, and makes no prediction regarding the influence

200 ms. As argued by Rockl997), perception remains in ©Of Previous stimuli. _
the literal mode during this time. We have argued, based upon the results of this and other

We may distinguish the effects of these two perceptuafst“di?s(Pﬁttersrzn’ |1994a, 1994b; Akero;l/d ang P.atterson,
modes on stimuli in the current study. For instance, in thet99%: Schlauctetal, 1998, for a general mechanism of

literal mode the F—S stimulus is perceived as a whole, and sg€€@Y Suppression,” which may act to reduce the percep-
appears equally loud to the equal-energy S—F stimulus. BL}P"’,‘I effects of room responses, and that“thls mecﬂhamsm ac
in constancy mode, the F—S stimulus is heard as composélf!'®S @ representatida constarjcy—mode SOI.UUO@ of the :
of two parts, source and reverberation, with loudness basdgVerberant context. It uses .thls.representatlon for tuning its
only on the source component. Accordingly, the loudness ofeSPONSes to subsequent stimuli. However, regardless of the

the F—S will be reduced in constancy mode. In contrast th&ctual mechanism responsible, the loudness difference be-

short decay of an S—F stimulus indicates little or no effect of V€N F—S and S—F stimuli demonstrates that the perception

reverberation, and parsing the stimulus in constancy mod8f loudness is sensitive to the shape of a stimulus’.temp.oral
produces a “source” which is nearly identical to the stimu- envelope, as .weII as to the local context of successive stimu-
lus itself. Thus, the loudness of S—F stimuli will be the same!S Presentations.
in both perceptual modes.

The formation of the constancy-mode interpretation iSACKNOWLEDGMENT
influenced by previous stimulus exposure. In essence, one
perceptual interpretation of the stimul(matching a particu-
lar reverberant environments built up, or “primed,” by
experience. This facilitates the constancy-mode perception §
subsequent stimuli which agree with that interpretation. Ini-
tial exposure to an F—S stimulus, for instance, primes theappeENDIX: STIMULUS ENVELOPE GENERATION
formation of a reverberant solution; this ultimately reduces ) ]
the loudness of subsequent stimuli which match the primed ~ Envelopes for these experiments were generated using
interpretation. A mismatch between this interpretation andhe following function of time:
subsequent stimulias would occur, for instance, when mov- y(H) =t L(1-t)" 1,
ing from one room to another, differently arranged, rgom
causes perception to switch back to literal mode, and a nef/nere
constancy-mode interpretation must be formed. es

We will make two points regarding this explanation be- z= 12+ arctaript)| %’
fore closing. First, it must be noted that, rather than specify- —(—)
ing a model, we have provided only a description of a po-
tential mechanism. A ‘“general mechanism for decayand

This research was supported by the National Institutes of
Health (NIDCD Grant No. 0008y, which the authors grate-
glly acknowledge.
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