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1. Introduction

muﬂncgglﬁiﬂﬁaﬁiﬁﬁiﬁ?tmmmfdﬁﬁﬂ « Subjective meany
o llstener must consciously respond to the sound.  Intensity means cho
response Indicates how strong the soumd seems to Lhe listener. This
definition 1s vague, but In experiments on loudness it usually sulfices
to eliclit consistent responses. The responses then become the basls for
describing the relation botween loudness and the experimentally manipulated
physical and sbserver variables. Functional relationships replace
definitions, Although chis chapter ean be understood without a better
definition of loudness, the problem is not trivial, and the last section
of the chapter takes it up again.

lisudrieagdepénids -uponboth thersound vandrrhemlistene iy Ehagstimulyp
ehEIables-centbe divided -among four categories:  intensity; spectrul,: Cimeg
apd-background.. Sound -intensity-is most important in-determining lowdnusyy
thur spectral.variables-likevsignal:frequencyrand. . bandwidch must.also:be
lgnnsidered.a&ﬂurpt:qn;andmintarmi:tencyware~umongﬂphc~significgggﬁggmpg;gi
wipterminantsy Finally, the lopdnessrofapsgound;may-be-stronglycaffecs
Wwyabackground gpundh,

ORI e B IE I N R P A Ot TENR e B Y FE v a el 1 AT SLAUdHEM:
conidogrdnitjenliatenary not in the stimulus. Wherher the subjece listens
with one ear or two ears, with a Fresh ear or one just exposed to noise,
with a healthy or impaired ear, and whether he listens at alt (pays artention)--
all play a role in derermining how loud a sound seems.

After discussions of the four stimulus categories and the listener come ’
discussions of physiologlcal corrclates and of models of loudness, The ‘
last section is about the meaning of loudness and about alternative response
measures such as reaction time, evoked potencials, and muscular changes.

II. Intensity
A. Loudness Function
1. Standard Loudness Function

sLondnogssdgzasmenctoniorfune rionrofrgrimuluscinrensiee, Figure 1
gives the loudness in sones of a 1000-Hz tone as a function of loudness level
in phons. Table I liscs the sone values as a functlon of sound pressure
level. lnce loudness-level»is:the .sound:pressure. Lovel-of anequallyiout]
1000~Hz“tonef-chewluuQness”level.in.phousLafuawlOUOszhtone:is;thehﬁﬂmggﬂﬁ
¢ts sound pressure-levelidnzdecibels8? The straight line in Figure 1 is
hased on the standard loudness function (IS0 R131-1959). ‘At 407 phonasre
CI000-Hz% tarie "Hag-by~ definleion-a: loudness of-one: song...A sound twice asd
doud-hns g zhouiness, ol two, sonesy.a sound:hali. as. oud,..a. loudnus 570 £r085
tWonesyresc, The loudness function is based on direct psychophysical
procedures such as halving and doubling and magnitude escimation (sece Vol. I
Stevens Chapter and Stevens, 1955, 1957). 'The.eguationifor thiéistanduml
soudnags ufiindeion i ansinpletypwerslaw.,

var0.6 )



Loudness in sones
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Fig., 1. Loudhess of a binaural tone as a function of loudness
level. (The dashed line shows how the loudness function would
look were the simple power function valid down to thresheld, which
is atround 6 phona. The solid line corresponds more closcly to

loudness as neasured; this empirieal curve is roughl

y approximated

by the equation with a small comstant, Pg, subtracted from the

sipnal's sound pressure.)




SPL dB
10
12
14
15
16
18
20
22
24

25
26
28
a0
32
34
35
36
38
40
42

Chh
45
46

48

Tone
.052
072
095
.110
125
.155
.190
+230
+280
.305
»330
+395
460
+350
. 640
700

JI50°

+860
1.00
1.15
1.32
1.41
1,52

Table I,

Noise

Sone Values for 1000-Hz Tone

and for White Noise

SPL dB
50
52
54
55
56
58
60
62
64
65
66
68
70
72
74
75
76
78
80
82
B4
85
86

88

Tone
2.00
2.30
2.64
2.83
3.03
3.48
4.00
4.59
5.28
5.66
6.06
6.96
8.00
9.19
10.6
11.3
12.1

13.9

Nolse
3.85
4445
5.20

10,2
10,9
11.5
13.0
14,7
16.4
18,5
19.5
20.6
23.2
26.0
29.0
32,5
1.8
16.5

41,0

SPL dB
90
92
94
95
96
98

100
102
104
105
106
108
110
112
114
115
116
118

120

Tone
32.0
6.8
42,2
45,3
48.5
55.7
64.0
73.5
B4.4
90.5
97.0
111
128
147
169
181
194
223

256

Noise
46.0

50.5

61.0
65.0
72.0
80
91
102
108
114

128
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In equatlion (1) L is loudness, P is sound prcssugu, and k is the Intercept.
Plotred on the log-log coerdinutes of Figure 1, a power tunction is a

stralght line.

The physical magnitude of a sound may be measured in several different
ways, The most common measure and the easlest to make is sound pressure.,
However, Intensity or encrgy is sometimes used as the measure. Given that
pressure is propertional teo the square root of intensity, wo can [EUbaCLREey
RAFESELID LG PquaRLon S(2W to obrain:

GERaTdais €))

Only the exponent and juntercept change. SEReBrprdgaliredtd TSN ATS Finey
-GndEnFETRGIRd i ntensl Ly sdte “to-deteruine  wHat huppenstin. théaud i tor®
gicrvous'dystem, "the .0,6 .cxponent may providea”batteriagsessmentvof<tife
frolation:betweeniloudness: and-astimelus magniitidy.

Th~ general; VEhel pow et iR EL o - Hiaams Tt WAt eyia TE S EIRUL s~ Fa €1 ba  Proante
€dqualisensation ratios.” Stevens shows thisitoibe.thé.prevailing-psychophysiogl
telationship for most sersdry attribuces? In particular, equation..(l)-meand
sthiat when the sound pressure level. increades107dR (a ratio of" over 3:1),
the' loudness doubles.. .loudnérs~deiblesirepardless. ofrtha. sound:preasude
fevel.to.which the 107dB: aré added§ going from 40 to 50 dB doubles the
loudness of a 1000-Hz tone just as going from 100 to 110 dB. An increase
of 20 dB (a ratio of 10:1) makes the 1000-Hz tone four times leuder, ;Ihdl
WEIAET Ve RLinp el bty “of the psy chephys a1~ funtet fon ™ relat ing ‘senyattog
tmagind tude and stimulus magnitude refleets thé fundamental operating, modésol
Enl1itﬁﬁﬁhnnhury,nysteﬁsj;n]mode@basud“bh]thﬁ;cquivulunui'Df@ﬂhﬁl@ﬁ;)

The function in Figure 1 Is defined for a pure tonc presented la o {ree
field, where the sound reaches the listener divectly {rom the sound source
without being reflected from any nearby surfaces. Presenting the tane
through a pair of earphones does not alter the loudness {unctien. Furthermore,
thel frée~field and ~earphone :funtricis“are-nortaltered by changlugiiho il SETRsa
£xom loudnesy, leval.in.phons: to sensation level.(55), which is the number of

" decibels above threshold. The threshold for a 1000-lz tone appears to be

about the same, 6 dB SPL, whether presented through earphenes or in a free
field (Anderson & Whittle, 1971). So,(subtractipg-6rgBifrom:therlgudness
lﬁuﬂdxnrtnxvinurcﬁi¢giyqanthehsensapion levely. A single thresheold value
simplifies the use of loudness functions ploteed against sensation level

and eliminates an ambiguity in the use of loudness level. Since loudness
level is defined as the cound pressure level of an equally loud 1000-liz tone
presented as o plane progressive wave in the listener's frontal plane, a
1000-Hz tono presentad through earphoncs must be equal in loudness to a

tone presented in the prescribed manner. This equivalency holds for the
tone presented through earphones because its threshold and loudness. function
are the same as in the free field, '

2. Variations in the standard functlon
The loudness function is defined speclifically for a 1000-Hz pure tonoe.

If the frequency is changed or i a complex sound such as o band ol nolse
replaces the pure tone, the function may chanpge,  The effect of such
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spectral changes is treated in Section INT. W tons ITRE TN UET Tip 1 o ary
fatinuiusduration longers thAX"dbolit™0z5=gac, At 'Slgttdr “duratione;1tTiy
hora: often: called -a-tone ‘Burgtyor- pulspsThe st AndaTd Toudness functlon

U baoaed primarily on=tones~lagting ahoutsonesrsdond, ‘Changing thew

Tduration of the-tona geemsivoshaves11ttleveffectron-thasshapaiot-thd

Fuictiod S al thokphvalior reningethasduration-belair al suit™1 00 ‘maée*rodid 68 ehy
LHdASE YT E i vad Y S hind "breasure=lava ML e tngrdown theswho | e-Fuiietlon
in Figure 1. Loudness and duration are discussed in Section IV. It is

alse assumed that the 1600N-Hz tone is presented in cha quiet. ATHolRE)
CRekEronnd vt o TP (T e R TRl s (ianenaF s i HEaNT18 as shown in Section V.

The loudness function is meant to represent the responses of listeners
with normal hearing who listen with both ears. If the thresheld is elevated
.because the listener has lmpaired hearing or has just been exposed to noise,

. the function often changes as described in Section VI,

The loudness or sone Function is largely based on the efforts of S. 5.
Stevens (c.g., Stevens, 1955) who recently (1972) fsughedt&d ERAE A -cr{tIcs
pERdSGEINe] da T BentETed Tat 315057 would A hét ter standard chan.a=1000-Hz
E&oneg  The:loudness- function. for. 4-1000-Hz' tone -appears to-wobble awbif,
ﬂavidflﬁgﬁﬁfﬁmﬁtﬁhﬁhimpléﬁﬁbﬁﬁﬁ#ﬁﬁdﬁﬁf&ﬁ?abﬂmiddluéﬁhﬂ:highhlgmcll (Hellman
& Zwislocki, 1961; Rebinson, 1957). The function for a critical band of
noise at 3150 Hz follcws the power function more closely. Stevens has also
presented evidence that the exporentTatw3l50aHzw{atdZalEoTaLT1000H2) AR
Qi R0 TAD EEEIRE TG EGEI1KE 068 Since the function in Figure 1 is
the international standard and is commonly used, it will serve as the
reference standard in the rest of this chapter.

3, lLoudness near threshold

The curved section in Figure 1 is based on Hellman's and Zwislocki's
{1961) summary of their own data and thosc collected by a number of other
investigators {Robingon, 1957; Scharf & J. C. Stevens, 1961; Zwicker, 1958).
It, unlike the full straight line, shows the true course of loudness near
threshold. Lotudiess, Frows more” rapidly . from chFashiold 'to abdut. 30 : phbiigy
ithan "at " higher levelg. The selid curve in Figure ) :can.be.adequatelyy

{upproximated by o modification of, the pewek.law?

erTRiRE(prpy)le (3)

where P, is a value that approximates the effective threshold,? Simee ‘Sound?
prossurafirst begins to have -a' sensory effect-ac threshold, the apprupriatef
bwasure. of. the stimulus may-be.its-aistance;abyye.subjective.zeroey: thateld,
Lhresholdy Tacher. than.above -physicat-zorg, (A general discussion of other
possible modifications of che power lav to eliminate curvature pear threshold

- 15 found in Marks and J. €. Stevens, 1968, who consider several sensory

continua. )
B, Difference Limen

The loudness function tells how loud a 1000~Hz tone is at a given level.
A clossical question has been what is the minimum intensity difference
batveen two sounds, otherwise identical, that allows a listener fo report
reliably that one sound is louder than the other. In 1928, Rlesz provided
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the answer to this question (sce also Knudsen, 1923). Riesz asked twelve
listenors to detect beating between two towmes set 3 Hz apoart in frequency.
For example, the intensity of a 1003-Hz tone was increased In the presence
of a fixed 1000-Hz tone until loudness just bagan to fluctuate. fThis
minimum {ntensity change is the just notleecahle diffoercence or Al,
(Expressed L{n declbels, AT is a relatlve value cguivalent tu Al/l
because declbels are the logaritlms of ratlon, and so a constant deckbel
change means that the relative increase in intensity Is constant, not Lhe

absolute increase,)

‘ At 1000 Hz, AT deereases from about 3 dB at 10 4B Sl to less chan
0.5 dB at 70 dB SL. WhEAITdECEEasTE AdEUTETRL iecomerma e intensial
vilrtreqiencdes ibvtivatodifferentrrateg.  Figure 2 gives AL in decibels
as a funetion of the sensation level at five frequencies, YDIffeféitidd
‘wensteivity igibed €Tt highebisetnationavelarandratefnequencies hetweeg
$boug1000:and<4000-He. Investigators since Riesz have generally confirmed
his results although precise values may be somewhat different (e.g., Miller,
1947; Tonndorf, Lrogan, & Washburn, 1955; Zwicker & Feldtkeller, 1967).

What is the relation between the size of AI and loudness? Since the
detection of an intepsity difference between two sounds requires that the
sounds have different effects on the listener, it is reasonable to expect
that these effects can be expressed in terms of loudness. !Detlction-ofi
gifterenceroughttodiiependtonshowmuchstwossounds; diffovsin, loudness ,~nag
n~intensityw It fellows that che more.rapidlyrloudness:--changes yithy
gntensityFehemnallerstherrelativenibyaxldatener:should=need - in -ord EERISE
fléventa dlf ferenca botwern tweigoundk. A comparisonzofzligure~twifh
Elgure 2 sshowsy juatithe’appos Fre, For a 1000-fz tone, Al is largest near
thresheld where loudness changes most rvapldly, According to Relsz's data,
a listener requires an intensity change as lurge as 3 dB near threshold in
order to detect that a change has ocecurred, but requires a change of only
0.5 dB or less at levels above about 60 dB where the loudness function is
flatter. Clearlyrschesilopezofitiesioliduéss FonctionTdoes nat.prediclkrrha
erzEeLithesind N

~Translating AT into equivalent loudness values reveals that-icIthad
sthe relative~loudness’ change nor the absolute loudness chiange correspondingt
tbe Al ip constamt, tThe absolute loudness change increases with level. oved
ethe .whole Intonsity Tamge, +The relative loudness change decreases as laveld
wliicreases up~to~about G0 dBj-acrhigher dlevels it ds:fairly; stable wvarying
chatween.only:l, 5-and 23%7

ITI. Spectrum

Thezlpudnds pinad phralEonaY R e fefas . s itsnfrequenay saswellmasci o
anrensiey. The loudness of a4 complex sound--a sound with cnergy at two or
mere frequencies--depends on overall intensity, on the frequency of its
components, and also on the distance bhetween the component with the lowest
[requeney and the componcnt with the highest frequency.

A. Equal-Leudness Contours

In a number of studics, loudness matches have been made between a
1000-Hz tone and tones at other frequencies. Three large-scale studies



s
n
A2 -
[
0
~
(=
o -
-t
<
—

1

i ! ! [ i ] I i }
0 10 20 30 40 50 60 70 80 90 100 IO

Sensation level in decibels

e

.

Fig. 2. The intencity difference limen, AI, as a function of the sensatlon
level, [Each curve is for a pure tone at the indicated frequency.

(Adapted from Stevens and Davis, 1938, p. 138, with permission of the
authors.)]
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are those of Fleteher and Munson (1933), Churcher'and Ring (1937), and
Robinson and Dadson (1956), EIEEEHETFARdEMONggn had their subjects match

a binaural tone of variable frequency to a binaural 1000-iiz tone presented
through earphones. Their data, the most widely cited, are prusented as
equal-loudness conteurs in Figure 3. On the ordinate is the socund pressure
level at which a tone, vhose frequency is given on the absclssa, sounds as
loud as a 1000-Hz tonc, The parameter on the curves is loudness level.

All the combinations of sound pressure level and [requency on a glvan
contour describe pure tenes cqual In loudness. For example, a tone at 500
Hz get ta 50 4 s egual In louwdness te a vone at 10,000 Nz set tw /1 i3
both have a loudness level of 48 phons, which means they are as lowd a5 a
1000-lz tone at 48 dB SPL.% By showing low sound pressure level must be
varied in order to keep loudness constant as frequency varles, equal-Joudness
.contours tell us, Indirectly, how loudness depends on frequency.

The bottom contour at 8 phons is the threshold curve computed by
fletcher and Munson {1933) for earphone listening. The next curve at 18
phons is nearly parallel to the threshold curve, This similarity Is important
because the 8-phon curve is based on threshold measurcments while the 18-phon
cutve 1s based on judgments of equal Ioudness, Despite the gross difference
in the listener's task, both sets of results reveal the same basic relation
betweean loudness (or gensitivity} and frequency., Withiiferageingrevely
froweverysther #qial-loudiiggdveontotra~changé"shape == The; large: differencey
ghagound pressutonlavalzidtvaen;rhenalowidnd ed AU Erequensies  Lessen.a
ddgherizlevals. At 18 phons, a 100-Hz tone must be 37 dii more intense than
an equally loud 1000~Hz tone, but at 78 phons the difference ls less than
10 dB, and at 118 phons there is no diflerence,

Singgrthe-cquil=] gudnoss "contours - change sape Wit TEVEIE:
doarutdel tosonoanother, loudness “can not wrow as a - FunetTo f
pregsure dn the same way.at-'all“frequencies..The. scandard Toidnesserunetig
tfor-the: 1000-Hz..tone is not ‘Valid Lor-‘avary frequency . e INiparticularZEhuy
goudness 1unctions for the lower frequenclesiuwheresthoccontovrscbumchy
wogecher, st dif fersfromithi€istendardsfunctiore.  Before examining those
differences, let us look ar the equal-loudness conteurs measured in a

free field. Roblnson and Dadson: (19569 published a large set of data which
are summarized in Figure 4.

The $raé=r1ald conrours diffor SEiliingly TYOm Lhose MEASOEad FEm
tearphone- listening at freguencies abovo 1000 Hz where the presence b7 EBERP
ligtenar's.head. sipnifdicantly.affccts.the-sound prossure’at the eardoumd
The sound pressure level shown on the ordinate is measured in an anccheice
room where the specially constructed walls, [loor, and celling reflect
almost no sound, Introducing the listener alters the sound field so that
the sound pressure in che ear canal is greater around 4000 Hz and smaller

around 8000 Hz.

VAL Low FY EqUenc L es T T the TFYee=F leld and rearphone-contours  di £ Fov LEg]
wbviously, but - the carphone contours-do. rise more.sueeply. as.recauoncy]

decreauns hulow 1060, 3. Anderson and Whittle (1971) o eribic ohisy

fdifference Lo Low-frequency nolse under thetar-ensiiions.  (he noise rpines)
the threshold For low-lrequency tones, the wore 50 Vhe dono Hlae b regueeaeyg
iThé noise also reduces the loudness of suprathreshold, o=t reasency Long:.

Lherdoudpesssreduction: becomes Lest, as, thue.devel plothostonedlnereads (soo
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Fig. 3. Equal-loudness contours for pure tones presented through earphenes.
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[The ordinate gives the sound pressure level required for a tone, at the

frequency specified on the abscissa, to reach the loudness level indicated

as the parameter on each curve,
p. 124, with permission of the

(Adapted from Stevens and Davis, 1938,
authors.)]
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Section V), AtRipHT18VEIRVENE nolse-hag~1]ttie etiect ., and the diffsramney
Elistwe@Tithesepcphonacand - frad~f1ald. dontours- sr TowWr Frequencleax-diminish,
The differences do not disappear, however, posslbly beenuse Robinson and
Dadson did not use the same measuring techniques and psychophysical
procedures to obtain their free-field contours as Fletcher and Munson used
to obtain their earphone contours.

itk L B DuT sTa e TIoN r IR R LB T imr I e A A TI P e o= [ 10
goontours at-hiph frequenclcs,arc:aﬂuﬂTlﬁ‘UlﬁsImlTﬁrjut;uLJ,Jnhélﬁxhﬁdﬁﬁlo
GLheyraflact. diffecencessinstlidisonndiprassurernoaphe eardedv,  These

differences in the scund pressure generated by the carphone and in the [ree
field are invariant with level. Were we ro substitute sound pressure in
the ear canal for sound pressure in the field on the ordinate of Fipgure 4,

. the new contours would become very similar to those in Figure 3 at frequencies
above 1000 Hz. Such a change in the ordinate is unwarranted because sound
pressure in the ear canal, being difficult to measure, is seldom known
precisely in the free field,

B, Loudness Functions at Frequencies other than 1000 Hz

[FBUIAESE": func t{bNB It ROt e rE requeici AN AN "becal culateditFmit hey
{Eilal=YoudnkasiaontourEsaodishaistgidardylgydness<functian, For a tone at
a chosen frequency, each equal-loudness contour provides the loudaess level
of the tone and 1its corresponding sound pressure level. For example, the
18-phon contour In Figure 3 shows that the 100-llz tone at 52.5 dB SPL has
a loudness level of 18 phons, the 28-phon contour shows that the 100-Hz
tone at 60 dB has a loudness level of 28 phons, thwe 58-phon contour that the
tone at 75 dB has a level of 58 phons, and so forth. The loudness levels
are then converted to loudness in sones [rom the standard function in
Fipure 1 or from Table I. The derived sct of sound pressure levels and
associated loudnesses ia sones contains all the information needed to plot
the loudness function for the tone at the cheosen frequency.

In this manner, loudness functions were derived for tomes at 100, 250,
500, 4000, and B000 Hz, Figure 5 presents these calculated functions along
with the standard function at 1000 Hz. Loudness in sones is plotted as a
funetion of sound pressure level in decibels, Calculated functions for
2000 and 3000 Hz lie between the 1000- and 4000~z curves; to avoild confusion,
they are omitred. The derived loudness functions are nearly congruent or
parallel at frequencies abeve 1000 Hz where the equal-loudness conteurs are
parallel,

The bunehing of the contours at frequencies below 1000 llz produces

louwdness functions at 100, 250, and 500 Hz that are steeper near thelr
respective thresholds than is the standard 1000-Hz function necar its
threshold, .Maar. thHeiielevated thresholds,. che’ tones it  lower frequencigs
fivérgof tertthan an.equally ‘intense 1000-Hz tone,” but thelr loudness-prowsd
o rnpidly,with'sound-pressugg:ggucoﬁcatch;up,with.thB:lUUQerqtonQ“ﬂtuthé
&igher sound_pressure Llevelsd, Similarly steep funcrions for tenes at 100

and 250 Hz were obtained by Hellman and Zwislocki (1968) who used the

direct psychophysical procedures of magnitude estimation and magnitude
production. Using magnitude estimation only, Schneider, Wright, Edelheit,
Hock, and llumphrey (1972) also measured steeaer functions ar low frequencies,
nH&ﬂenaralilauaeplloudnessAfuﬁéEidhscnre~nauociﬁf&d“ﬁith:clavhtedﬁtbrpsholdﬂ.
and, as already sugpested by che low-frequency fumetions in Figure 3, rhg
highor. the thraholdya the:steepat:thasfunctiont T



R L L S

Loudness in sones

200

100

50

20
10

5.0

2.0

0.5

02

ol

02

”]—lrlllllrllillllilllIllllllll'll!nllI,Fllll]—llFII7TIII7I—I"IHIIIlllll

S

; Loudness Functions y i
r at Various Frequencies J
}- -
g ]
L L
R

3 E
C ]
- -
P 1000 B
g 5
S ;
- = '

ILLiIIIIJJLll'lIll[lllJ]lllI_.l_ll_!l'IIlIIllllf}l!l.l_lJ_]jIlllx!!JllIlj[]l

0 20 40 60 80 100 120
Sound pressure leve!l in decibels

Fig. 5. Loudness of tones at different frequencies as a function of

sound pressure level,

(Functions are derived from the equal-loudness

contours of Figure 3 and the 1000-Hz loudness function of Figure 1.)
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C. Bandwidth Effccts

O RS T R F iR et Fenuen VA FAREE CovERTAnEYraTtm (which is not
close to the threshald),lihelilondersinal@. For a complex sound made up
of discrete components, the frequency ranpge is the geparation in Hertz
between the components with the lowest and highest frequencies. For a
complex sound with a contineous spectrum, i.c., with energy at all
frequencies, the frequency range is the bapdwidth or distance between the
lowest and highest frequencies wirth significant amounts of ‘encrgy. (The
bandwidth is usually measured between the half-power points.) Both
frequency separation and bandwidth will be rupresented by che same symbol,
A F. This section deals first with the relation between loudness and A F,
and then specifically with the loudness function for white neoisc.

1. Loudness and AF

TlelotdnéssT ot ar qomplef"ﬁound*increnSLs'wth~mniﬂﬂlLhuubhvthsmﬂquget
qoverall-intensity is held constant. This efiect is often relerred L
gloudness summation. -Loudness does not bepin to increase,. how;vcr.,untxl&a

O excegdsaa-minioum.value.calledithe.erirical ban}l or Frequenzgruppe
{(Zwicker & Feldtkeller, 1955; Zwicker, Flottorp, & Stevens, 1957), The
width of the critical band varies with the center froquency of the complex
sound as shown in Table I of Scharf's review (1970a).

Figure 6 shows how the loudness level oS a band of noise centered on
1000-Hz changes as a function of bandwidth. Results are similar for a
complex sound comprising only two tones (Scharf, 1970a). The data in
Figure 6 were obtained by having subjects adjust the level of a 1000-Hz tone
until it sounded as loud as the band of noise, whose overall sound pressure
level remained at the value shown on each curve. Up to 160 Hz, which is
the critical bandwidth at the center frequency of the noise, loudness is
independent of bandwidth. Within t¥e zrivicaliband;wlgudness. dependsTonTh
W sound. prassurelavel and the: center, troquancysintanmanner predictabfe |
gfrom. the. equal=Youdness contournk (see Figure 3 or 4).  This rule, “howeyer,
tdoes not apply at bandwideths narrower - thanr-sbout: 30 :Hz, where loudnegs
iflucruacions of ‘the-neise become auu;ulq, there, loudness measerements are
highly variable and depend on whether tha suwsject judges maximum loudness,
average loudness, minimum loudness, or makes some compromise judgment
(Bauch, 1956). Bauch's subjects, listening to three~tone complexes, mostly
Judged average loudness, !Uitside”the-range-or-audible-fluctuations~af
tbeating, n-complax gsound whose AF is the swie as or narrover than.one
gericical bana is equuas in loudness to a pure tone at the geometric;cenper
Erequency..pf the complex and-at. the same: Sound pressubi.ievil.

TV TN

Bidyond Th crifcal band} ERE 16udneds Tava1 «af d "Foiiprex:moulld

" fnereases with . ~F excopt at sensation levels.below 10 or 13 o8 (Scharf,

1959a). "av successively higher sensstion. lévels up to' betwden 40 and~g0d
By Loudness. dncreases more and more rapidly as a function-of AF.. Buty
at, still Ligher icvels, above 60 dB SPL, lowlness increases progressively
gleas rapiu.y with. Af.  The-general.ruleris thak, loudness, spmmatdon, i
i{Sreatedt .at-moderite leveld, Beeause loudness swmmation is a nonmonotenic
function of level, the lowdness of supercritleal.conplék®s, unlike mid-
frequency pure tones, cun.ui be fesinple. power:iunctlon. af sound pressim:.
This abservation leads us o consider the loudness function {for the widest

possible sound, white nolse,
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2. Loudness Function for White Noise

After the 1000-Hz tone, the artificial sound most oftoen studled has
been white noise, Because the throshold for white noise is about 10 dB
higher than for a 1000-Hz tone (e g. GHasler, 1954), gosachdevBEReEqiag
Lo aE e AE iy sakia TdT “Ehet ‘overan"sdf‘ﬁ'd*prasm:rcwieveh o1-:.ha,1nm§c.

Ll 4 LTS ALY
FHORT N Rea LerSChA T ENAL P EhEAEGiE

3

gntqnse":han ‘the” noiﬁnzmzAt,hlgH‘levela. the ‘tornic mus: btlli ner
dntensesin.order. . th.be as "loudya w:he.noisug;hur"thc-untensJLy dleexeﬁﬂt
@mumallectihaniattiioderateilavaly, These basic relations have bean

revealed by loudness matches between tone and white nolse (Rrittaln, 1939;
Miller, 1947; Pollack, 1951; Robinson, 1953; Stevens, 1955; Zwicker, 1958)
and agree with an extrapolation from matches between pure tones and bands

of noise (see Figure 6),

Data based on loudness matches also agree reasonably well with dirccet
estimates of the loudness of white nolse as summarized in Figure 7 (Scharf
& Fishken, 1970). Tigure 7 also reproduces the tone function of Figure 1.
The white-noise function was obtained by magnitude estimation and magaitude
production. Subjects judged white noise and a 1000-Hz tone which wera
presented in a mixed order--within the same series--at eight different
levels. On any given trial, the subject heavd either the noise or the
tone, In this way, the resulting functions for tone and noise could be
directly compared. Although the measured loudness function for the tone
was flatter than the standard 1000-Hz function, 1t was clearly a power
funetion. The same factors that caused a flatter tone function presumably
algo flattened the noisc function. To compensate for this distertien, the
noise function presented in ¥igure 7 has baen steepened by che same amount
necessary to bring the measured tone function into accord with the standard

sono function (see Figure 1).

ﬂa“prodiuﬁfdMErnm “ma LRI RETdat AT TN Rir tesnods o~ fupe hen IS AEARTAR:
dowiward_in log=lopg codrdinates, with-a distinet’ mid-ievel Pulge.. Scarting
Lrom irs-higher threshoid, the nolse first grows more rapidiy in loudness.,
ithan the tone. _But the poise-leses.steam, and ahove, 60 dB 5Pl _pr.so...d.sd
diondness. grows. less.xapidly, Owing te thelr different shapes and thresholds,
the tone and nolse functions must cross, probably near 25 dB 5PL. At the
eross point a white noise and a 1000-Hz tone are equally loud when beth
are at the same sound pressure level, This equalicty Implies that the
Tlovdness of a banid-ef noise is Independencror its width.when:the--oyeralld
wound prunsure»laval ds*hnli_aons:ant near, -g df. Such a finding is

Although there is general agreement thac ThHe WhitéZnalsi’loudnesy
RUSEISnTIR cdkvodorelarivestoythe 000z functiop (see, c.g., Stévens,
1972}, the precise size of the difference in loudness between noise and
tone ig more difficulr to determine. Loudness matches between a pure
tene and white nolse are highly variable, probably because¢ macching the
loudness of two such different sounds is a difflfcult and uncertain task.
Nob only is there much variability bertween subjects, but when subjects
adjuat the tone to mateh the noise, their judgmesncs may differ as much as
10 dB, on the average, from their judgments when they adjust the noise
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(e.g. 2wlcker, 1958),  Also, the perceived volume or sive of the white
nolse is much greater than that of a pure tone, which could lead to
overestimation of its loudness., Both these problems may have been partly
solved in the direct estimation procedurc used by Scharl and Fishkan (1970).

3. Secondary Spectral Factors

FEY UL TEONEY ot Texeay] oudnog szl SVERSIRINIET CRIEWITRE e oMoy
GRORALL v eu Ly TR GAdLWEL L ERE PoG RS AR gl il (Zwlckar,” FTort o,
& Stevens, 1957).  About two plons are pgained by spacing the Lones an oyoa
number of critical bands aparc, S Y TR g T e TR e e s prwhinmoEng
wamponantsraretatiraboutequalkly ~loug (Scharr, 1962), L1 Lhe. loudnessroy
momerconponents .18 reduced relative:torothers=(withoutrreducing: the oveg-
ggll-intensity or changing ' AF), thE"loudnesaAaf“q.superEfiuLcal-souﬂgségjs
idown, _Howaver, loudress.does .not geem to’ change- when cne number gf
omponents. within glven’ frequency:limits: ( AF) is increased-from:twortonthy
Qafindte nlnbeifrontainadivithin ashandzaf;whitesnoide (Scharf, 1956b).
Loudness summation is alse the same whether the sound comes from a single
earphone to one ear, from a palr of phenes to both cars, frem a single
loudspeaker, or even 1[ the lower frequencics come from one loudspeaker and
the higher frequencies from another speaker (Niese, 1960, 1961; Scharf, 1973).

IV. Time

L O T R L R et e e VAT A BT T RS R R AL ol
GETeRseli bign rdte SEIIEEE T ondnek®  Precise values Tor these effocls are,
however, of Len andel ined owing te conl Tivviss oxporimental cosnles.  FPhis
section reviews Lhe ddabn on duration, deulbe pulses, and repetitlon rite,
[The efTect of rise~fall Lime (s usually noglipible (Cjaovenos & Rimstoml,

1872).}

A, Duration

The atudy of the relation between loudness and signal duration divides
into two distinct domains. 1In the study of brief sounds, the aim is to
discover how rapidly loudness rveaches maximun value as duratlon 1s lengllenad
from a few milliseconds to hundreds of milliseconds, 1n the study of |
loudness adaptation or pevstimulatory fatigue, the aim has been to discover

. how rapidly loudness decreases, if at all, as duration lengthens well Leyond

1 sec.
1. Brief Sounds

First, a word about threshalds. 'As™tHa dUEACied ol & TR InEFonsgs
wprtorabout :200meee, thraéshiold intensity decreases in direct propurtioh
(EQrtime;the  tocal sound energy, which is the product of time.and incensliéy,
tkhereby--remadns.constanc. This finding.lmplinﬁ;uhnt,lhc.euuvihteutﬁtbg
e rgy sover timg oup. to.about 2000MEge.  Knowledge of the auditory systoem
suggensts very stronply chat the car Invegrates neural onergy, nol acoustieid
or mechanical encrgy (Ywislockl, 3969).

The auditory system integrates neural eacrgy also ar suprathresbold
levels where loudness rveplaces threshold or dotectability as the responsue
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variable. In the typical eaperiment, listeners make loudness matches
between short-duracion and long-duration stimull. Resulis are treated hy
plotting the intensity of the brief sound, at which lt is judged equal in
lowdness Lo che standard sound, as a funetion of ity duration, Figure 8

i one such plot (Port, 1963a). The sounds were third-octave bapds of
filtered white noise, and the standard was at 60 5 SPL. Since #ll Lhe
loudness matches were made to the same long-curalion siimolus, the daca

map out an equal-loudness contour, which is approximated by the solid lino,

We can pose threc questions abour sueh data, At what duration does
intensity become constant and independent of duratieon? Befoure becoming
constant, how does intensity change as a funcrien of time, i.e., what is
the trading relation between intensity and time? Does the shape of the

.contnur depend on stimulus variables such as frequency, level, and bandwideh?

Ansvers to these questions have been many and varied., Table IT summarizes
tham, first for white noilse and then for pure tones, mostly at 1000 Hz.

The column labelled trading relation indicates whether (a) intensity
changed in direct inverse proportion te time thus maintalning constant
sound energy (as at threshold), (b) intensity changed more rapidly than
time so that energy decreased as time increased, or (c) I(ntensity changed
less rapidly so that encrgy increased with time., The next column gives the
duration at which intensity became constant. Uswally, the cqual-loudness
contour showed a rather gradual transition Ivom o decreasing Lo a constant
intensity, so that the values for the critical duratien are not preclsely
defined. The next column gives the value of the time constant, 3, caleulatod
by the experimenter for his data from an exponenticl lunerion of the roerm,
L(t) = I,/(L - e~t/3 ), where Fg is the asymptotic intensity at leng
durations, t, of the sound. The exponential functlon deces not exhibit a
sharp discontinuity, and would fit che data in Figure B somewhat better
than the solid lines do, However, the pictured discontinuity may be real,

Variabiiity among subjects in their critical duratlon or trading relation
would smear the discontinuity and produce a slew transitlon. Accordingly,
the calculated time constant and measured critical duration can boeth bhe
treated as estimates of the same discontinuity in an intensity-by-time
contour having two expressions, each equal to a constant,
1

(This first expression becomes more
complicated if the equal-ecnergy rule
does not hold.)

195 B it TR WL RDN Y P 0

Eoritw el L AR

Table II reveals no striking differences hetween the tvading relationg

and eritical durations or time constants measured for white noise and

those measured for pure tores. This finding is consistent with the observation
that doudiess’ Intreases na.a. function of bandwidrh or AP {W the" sumeway
Whether ma ;sound . Lasts.a few millisegonds o hundreds.af. wil)iseconds (Port,
1963a; Scharx, 1970b; Zwicker, 1%63). WHuevertheless, the targe varlabilicy
among, the measurements In Table 1T may obseure veal differences, Tor barh
rone’ and: noisc) "the measured trading relation has reveslod: all :hrde
possibilicies: lIpereasing, deecreasing, and constant energy), The eritiéad ;
gluration or cime constant.also varles.over.a wide, tauge nfuynlucﬁnmnuh¢hds
Glmost.always. . been.l50.mecc-or.losk, The etfcect of souwnd level is unclear,
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Table II.

Author(s)
& Year

Miller,
1948

Pollack,
1958

Small, et
al., 1962

Stevens &
Hall, 1966

Zwicker,
1966

Békésy,
1929

Ekman, et
al., 1966

Garner,
1949

Munson,
1947

Summary of Studies of how Loudness Varies as a Function of Duratlon

Rize~Fall
# Sub-  Stim- Time
Jects ulug (msec)
3 white  abrupt
noise ’
7-10 white  abrupt
noise
12 white -
noise
12 white -
noise
83 white  abrupt
noise
74 1000 Hz 1-2
- BOO Hz abrupt
10 1000 Hz 10
6

1000 Hz abrupt

125, 3
1000,
5650 Hz

Tradiug
Relation®

energy
increuases

energy
constant

energy
decreases

energy
decreuases

cnaergy
constant

energy
constant

energy

increases

energy
inereases

energy
increasces

energy
decreases

Critiecal
Nuratlon**
{mgee)

100

15-50

150

200-400

200-400

120~-180

over 500

500

200

Time
(lonstant
(msee)

100

100

Effect of
level

eriticel
duration (C)
decreases

as level
increases

CDh de-
creases
as level
increases

none

CD shorter
at higher
level

steeper
trading
relation
at high
levels

steeper
trading
relation
at higher
level

staepor
trading
relation
at higher
lavel
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Table II. (cont.)

Trading relation refers to the relation between intensity and time,
stimulus duration increases up to the eritical duration, to keep lowdness
constant, total sound energy (I x t) has been found to remaln counstant,

decrease, or increase,

Rige~-Fall- Critical Time
Author(s) # Sub~ Stim- Time Trading Duration** Constant Effect of
& Year jects ulus {msec) Relation* (msec) (meec) level
Niese, 12 500, abrupt  energy 65 . 23 -
1956 1000, constant
3000 Hz
Niese, 10 1000 Hz 1-2 energy 100 23 none
1959 increases
Pedersen & 300 1000 Hz 1-2 energy 160-320 70-100 none
Lyregaard, constant
1972
Reichardt 50 1000 Hz 3 energy 100 30 -
& Neise, constant
1870
Port, 8 narrow- 1-2 energy 70 10 none
1963a band constant
nolge
- at 350,
- 2000,
10,000
Hez
As

For constant loudness, intensity must be reduced as duration 1s increased
up to the critical duration.

'(Aldash means the Information cither was not relevant to the study or was
not provided,)
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Some studies show no effect on either the critledl duration or trading
relation. Other studices show a deercase in the critieal duratlon with
increasing level. A [ew studies suggest Lhac the higher the level, the
more rapldly Intensity decrecases as duration Inereascs. Frequency seems
to have little, if any, effect. Signal fredquency was varled in throe
studies (Munson, 1947; Niese, 1956; Port, 1963a), and only Port uoted a
frequency effect, a lengthening of the critical duration at 10,000 iz.

Owing to the disagreement in the data and to the importance of a time
constant in the calculation of Jloudness and assessment of noise, an
international experimental propram has been underway in over twenty
laboratories to try to achieve some consensus on the relation bhetween
loudness and duration. Pedersen and Lyregaard (1972) have presented some

.preliminary results, which are summarized in Table 1I, Unfortunately,
results from different laboratories seem to be quite divergent despite
uniform experimental conditions and procedures.

Investigators come up with so many diffaerent conclusions about the
relation between loudness and duraclon muinly because matching the loudness
of a brief sound to a long sound is difficulz, The outeome L8 realily
affected by variations in experimental parameters such as the interstimulus
time, vepetition rate, and difference in the duration ol the wariable and
standard sounds (Reichardt, 1965). Possibly the auditory system handles
temporal factors differently from person te serson. More likely, normal
listeners vary because rthey use different criteria in their loudness matches,
rather than because their audirory systems differ significantly. Some
listencrs may have trouble abstracting the loudness of a sound from its
subjective duration, others may be confused by what Reichardt (196%) calls

a roughness compenent.

Critevion differences are especlally important when the stimuli are

tone bursts, MAs Its durdtdon- e BHETLEREd, T3 ConBTSECHILIV 165651
piteliTind. tonal quality, partly beciause the suditory system does . not hadp
gtime enoigh. to build a full.pltch percept and. partly beeausean increasiy
cportion of, the.sound. energy.falls at froquencies. other Lhan that aof thé
soriginal long~duration tound. “inhe effective bandwidth of a tone, which ik
tturned on oand.of v abrupely,Tingreases Ln neszly direce lnverse proportign
(o .duratfoy. wHpeetral .chankes contribute to the variability or the.Loudidss
Judgments by-making the.sounds. more-dissimilar and” chcriby. havrder ™ ta margh
EHin loudness, (The increase in bandwideh is usually teo smali Lo influence
loudnesy directly, in the mamer described in Sectdion ITI Ci unless the
duration is shortened to less than 1 to 10 msec, depending on frcquency,

almost all the sound energy remains confined to a single eritical band.)

Two of the studies in Table II did not require subjects to match short

and long sounds for equal loudness, FEkman, Berglund, and Berglund (1966)

and J. €., Stevens and Hall (1966) had their subjects meke magnitudé
estimations of the loudness of signals presented at various duretions and
levels, These results provided a divect measure of how lowlness increases
with duration. “Ehmdn €t al. found chat ‘the 16idnesd of "2 pire' Eone 1nc¥dagks
HAsCERE TERaFLthim of durarion, virh rhe vave of-inerease Faster ar. hiphér
échan' dt.lower lavaels.e: Stavens and. Ball Sfound: Eliar -the. loutvess:ofuwhicd
welsoilicreasesaatablelevels ~as-thalD 35 pawer ot duratign.




. @.msec, the loudness lovel of

12,

Uhordarermva by Sa e e R T T T e s m Y ovirk e Lounien 7 )
#netion: looks: atisHart; duraciontd Unly Stevens and lall [460) weem to
have direectly measured loudness functions for sounds (white noise) of
different duratlons. They found that BlgHaTYAUragIoRshidino e lectainigd
EhET e EHENt I TO ECtheTpowe PRSI BRaT b heya Lt ed mrosehokesdata.  (Actual ly,
the data would be hecter fltead by a bowed Tunction similar to Lhe one
In PMlgure 7,) 1046 To threSNETUTNiowaver o e 1o InGE TOR ¢ T TERATBIENY
Woiligeomimateapar-as- duration shortens hocitise theieriCleal Jdorat [t
fthreshold {4 alwodt- eartainty tonger Ehan at. muprabhiradbold - Love ks d
€Purthermore. il the. evitical duratlon contTrung to duereaso ns | uyelp
&ncreases wall “above thrashold,. as.many.-studies suguent., .then the “shorty
Wuration.laudness functio}m"uughhto ‘bossteeper up Ly Ealrly-nignrieveissy
moteonly near thresholfl. A complicacinb factor is the slope of the equal-
_loudness conteur, i.e., the trading relacion between time and intensity,
which may become steeper at higher levels. Such a change would flatten

" the loudness functions at short durations _The éritical: duration”andEHE)

£Eading Jralat{on: tonld  Ehakge Wlth 'lavel . 1n “ooposd te. d1reEELonE LD, producey
fivariant-loudness functions- at short. durations.{ Given the many uncertainties,
{no_firm conclusion. s possihle.about.thizalopd afLYoudneas>finntlians 4y

ishant dusgtiont .
2., Long~duration Stimuli

Loudness first reaches full value a fraction of a sccond after the
onget of stinulatdion. Does loudness then rewain steady or decrease? 3
there Toudness adaptation? R NGRBEETAITFTTETT FEOU I LIOT ™ rivia Lid ORI
GringhdEr ISl A ha  LoUINES S 6f solnds, Jasting as oo, Wwelve winuek
(Bray, Dirks, & Margan, 973; Fraser, Ietty, & EllTatt, 19/0; Mirabella,
Taug, & Teichner, 1967; Petty, Fraser, & Ellior, (920 Stokinger, Cooper,
& Melssner, 1972; Wiley, Small, & Lilly, 1971). iLoudiugradiplatdon did
mormal ~1istenergiis-absent gt aLlofrequencloELEhllatlevel s, ‘aL,J_gasr»;n}:
m1gh ;88; ;70.d8,8 Consequently, the loudness function In Figure 1 is valid
for any binaural 1000~Hz tone whose duration exceeds about 200 msec.

Ruesults ‘of "Sone studies  of PRrELLNULAEaFy AdAptatIGHt ave~been
tifterpreted as evidence for loudness adaptation. However, adaptation ocdurs
pnly when binnural interaction is possible, 1,e, when sounas awe presenteq
wimeltaneously, or nearly so, to the two carg, ne observed adaptstidn
winvelves_ primarily. lateralization bur not loudngss (sec Ward, 1973, pp.
334-337, for a cogent review and relevant references).

B. Double Pulses

THé™1oudness of "o tone  bursts ¢acli "lasrinny~less -than 0 msodd,
depends on.the time interval separating thim. At brief lotervals of 1°¢r
two bursts is 3 phens higher than the leved

¢f elther-one alone, - As rhe dincerval ldnnthens this advantdapge decreasest
disappoaring altogether, -according .to.some data, when the inteoval reaghes
25 msect{Niese, 1956) - 30 msbe (Schwarze, 1963), .iher dava-sugpest
, that there is-some-loudness sunmatidilor_cnliaidement up to incervals af
ftong. as_ 200 mgec (Irwin & Zwislocki, 1971; Schart, 1970b). The 200~-msoce
estimate is based also on data for two tones very different in {requency,
which have as much as a 10-phon advantage in loudness level at brict
temperal separations., Sueh a large difference in lowduess ievel made jt
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possible to ctrace the decay of loudness over time more precisely than the
d-phon_dilference measured with identical stimuli. Apparently, then,
Woidnes A~ BilnatEEover "aTldhgers tind feriad’ fortwy tone  FutsteTacparut@i
Ghyaaitent [interval than for-a'single.burst,..cTho-dnRerted $1Tent . Lnhersdlf
Empyiper®it:racoveryifrod [inhibitory, pffreffecgs (Zwislockl, 1969), ({The
near absence ol such post~stimulus inhiblitory of fects at threshold may be
why the critienl «duravlon at thresheld Is lonper than above threshold.)
EANoEhet posE 1B LI 67 TR AU Ttlial I SRIRCHE o (T IO UALOSE I VETpu Fwn i vl upugly
the result ol adanhancementy.of the sloudness olrthe second pulse by the
ElXak4 such an enhancement may hava been demmstrated in dichotic
presentations {Galambous, Bauer, Plctan, Squires, & Squlres, 1972).

C. Pulse Trains

A pulse repeated over and over has a repetition or pulse frequency
expressed in pulses per sccopd (pps), Several investigators have measured
the loudness of a pulse train as a functioa of its frequency (Garner, 1948;
Niese, 1961; Pollack, 1958; Port, 1963b). Their subjects matched a
continuous tone or noise to the interrupted sound. When the pulse frequency
equals 1/T, where T in scconds is the duration of each single pulse, then
the interrupted sound is indistinguishable from a continupus sound. [Fer
example, a 10-msee (.01 sec) burst rapeared 100 times per second 1s a
continuous sound.] (AETI/T,ERET"{fitérrupred! sound L6 set R thiETdampy
fllev&las  ehel dontifivous sound for.equaliloudnessi = Atislower. £x equenciasyathd
gnterrupted.seund. pust.have-s -higher level fariloudness, bobaianuy! .

A pulse: Fréqu@iict ey 86 w160 EIEL O ¥ ol BT 1o b 16T pu THEE Tigt .
presenled gach becond, the durdtlen of theepulse deternines. how waeiTiTghey
ithe level ol the interrupted sound must bp, oihe shorter the pulse, thy
flarger the differences For,a given duration; howewer, the lovel dillvregeo
foaches. its paximum at betweed 2 and. 5.pps;.slowing the Irequency ‘baloy
£._pps_has;nocffect on-the-loudness of therinterrupted sounl. Further
reduction of the pulse frequency is incffecclve because at 2 pps, the
individual pulses are already almost 500 msec apar:.ﬁunyunﬂtnhﬁjfﬁnggggg

ST atAnessTRumnation as already noted in studies of double pulses,

As pUIEE "Frequencyvslows Fron 1cs makimim Value) "1/T, to its Lowet}
giffectdve--lindiy neac 2 pps, the level of the interrupted sound inerensesy
top slowly Lo maintain-constanl-sound.encrgd, The inkerrupced sound
arequires . leas, cnergy. than an, equally, lond . sceady sound. (Energy is
computed over the whole presentacion peried, Including the silent intervals.)
(lanee, for agiven:amount of sound energy, preater.loudness Is attained £y
idistributing the energy over time with intersversed sileul latervals thap
by-making it a continpuous Sound: - Perhaps. tne advantage comes from .a:d
aeduction; ofipost=stinuius.inhiblcory. effects.during -the silent iptervgls.

V. Background

In the quiet a l-sec, l000-Hz tone at 80 dB SPL has a leudness of 16
sones and is loud. lleard apainst a 90-dB white noige, the same 80-dBb tone
is soft, ghe reddcEl5iof tondness by a.backdround modsc ds.called paruiaip
imaskingyto distinguish it from complete masking, dn which the noise pakes
the signal inaudible, ‘A nasldng”seind;y:thén)” ralses _the thréshold. for
thesslgnaliand reducgs ity taudnegs, At the same time, che-magker.makos




" set at the level given as the parameter on the curves.
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NP TEURHEEY £ unetd afir Lo r T EIER B E e R hersmo etk
ngakexiiSthe, 6 teepanphe, loudneas functloh (.hoc_holh. & Grcuanum, !
Hellman & Zwislockl, 1964; Lochner & Durger, 1961; Scharf, 1964; Stevens
& Guirao, 1967). Partinl maskingidependarnairoilyronstherinceny ity o6

grhe:maskery-but-alpo, on.lta. bandwidth.and;deasfrequency.Locution . xelatiyp

gisthaifraquencycofithargignaly Each of these factors Is treated in turn,
A. Intensity of Masker )

Figure 9 presents some of the data collected by Stevens and CGulrio
(1367). The listeners adjusted a 1000-Hz tone In the quiet te mateh in
loudness a 1000-Hz tone presented against a white noise. The noise was
If the noise had
‘no effect on the loudness of the tone, the data would fall on the dashed
line where the levels of the unmasked and masked tones are equal. Stevens
and Guirao drew the solid iines through the data on the basis of a model
that included the following three assumptions. (1) A tone in noise must
be more intense than an equally loud tene in the quiet, but the intensity
difference decrcases as the level of the parcially masked tone increases,
In other words, the loudness of the tene in neise grows more rapidly than
thie loudness of the tone in qulet. (2) Loudness grows more rapidly in
nolse up to a level 30 dB above the effecrive masked threshold for the
tone, Above 30 dB the loudness of the tone in neise grows at the same
rate as the loudness of the tone in quiet; the soldd lipne is then parallel
to the dashed line. (3) The more intense the noise, the steeper the
function, Although not predicted by the model, it turned out that the
,ﬂ:onevimnise"muat be.\mum Inthns" 'tlidh"'m’é" e'ci'ﬂ'dl"l'sr\,mud-- tonerin: ’qu‘u. SCTEV Y

attain normal 1 uudncs: .

. By means of the standard sone values in Table |, the data of Stevens
and Guirao were converted to sones, Figure 10 presents the loudness of
the 1000-Hz tone in noise as a function of the sound pressure level of
the tone. These curves are based on the data in Figure 9 and on other
data, which Stevens and Guirao obtained by having listencrs adjust the
tone in nolse to mateh the tone in gulet. The slope of the loudness
functions in Figure 10 increases monotonically with the level of the
masking noise. Put another way, tho higliér" thé”'ﬁéékbd"tﬁfﬁéh’bld “for- chqr

danei the ateepersltailoudiéss funerion up. to:about 30 dB ahg

No attempt was made to draw the leudness functions in Figure 10 with
a sharp change of slope at a level 30 dB above threshold. Stevens and
Guiruo suggested such a discontinuity, but most available data do not
show it, perhaps because averaged data tend to obscure discontipuities.
Nevertheless, 1t 1s clear that withiinTabout 30:;dB of the ‘masked threshold,
the-loudneps, Bunctidn i TEsHtedfar joat Mgher.levels it has:the..usual §lopag
@isabout0,4. The quéstion remains whether che tronsition zone Is smooth
or sharp.

(CHETEoEréctad _power ™ 1aw, "LIRTKS (Pd?u).m,.,.a.daa INGtYAppaarntasiprovidl

wrgond 2 fit (to. thess.masked funcflond, In gencral, a simple modification

o[ the power Funetion is insufficient. Stevens (1966) has suggested that
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in maskling, as [n other cases of elevated threshelds, such as in deafness
and for low-lrequency tones, the telationtbetweddlEUdniEE AN TINTENELPY
CundetEaee a-pover-transiormation,”in which. the, slope ol tliesluncuiod
wetrkasesabruptly~at-agona«lovel AboVerehroshofd. Zwicker (L963) and
Zwislochi (1965) have dugpested other mudifications.

That noise steepens the loudness function was First quantitatively
demonstrated by Steipberg and Gardner (1937) din u paper that pointed out
the €LEllat i ty~With TSudndSamacryLouin® in certain types of deafness.
Loudness recruitment refers to the abnormally steep growth of loudness so
clearly shown in Figure 10. Recruirment in hard-of-hearing listeners is
discussed in Section VI C.

B. Bandwidth
prEFa Topa oL ERE L oidREEs FUne L1 on Tnder T mas kg - InCT6aa8s s WIiEH ey

&mﬂﬂyidxhbbfxthé4masking-ndiébQiBJnafrcﬁbd (Hollman, 1970; Zwicker, 1963}.
This rule holds provided the frequency of the masked tone remains within
the frequency limits of the masking band. Heard against a masker one
critical band wide or narrewer, the loudness of a tonme grows so rapidly
that it reaches its normal value at a level 10 to 15 dB above the masked
threshold. Heard against a noise wider than a critical band, the tone may
never reach normal loudness. Nevertheless, Her*slope-ol-thexloudnpsp
dunetiin does hecond AT RaTINEmonE RRINEE nehi kg ol ap e xRbau R3]
@hakiovaltitéshol

Bandwidth 1s also a relevant variahle when the neise is the signal
and a pure tone is the masker. The Lone masks a narrew-band noise
gsomewhat better than Lt masks a wide-band poise. 1In both cases, however,
the tone is a much less effective complete and partial masker, by about
20 dB at high intensities, than an equally loud narrow~band ncise (lellman,
1972),

C, Frequency Relations between Masker and Signal

How much one sound masks another depends very much on their frequency
relations. Figure 1l shows how a narrow bamd of white noise reduces the
loudness of a2 pure tonc whose frequency is given on the abscissa. The
neise, set ar 70 dB SPL, was one eritical band wide and centered on 1000
Hz, The parameter on the curves is the loudness level to which the masked
tone was set, so that all polnts on a given contour were equally loud. The
top contour is the threshold curve., The ordinate shows masking in decibels,
defined as the amount by which the sound pressure level of the masked tane
had to be iIncreased, owing to the presence of the noise, in order for the
tone to reaeh the pgiven loudness lavel.

The spread of masking is the sampe at thresheld as at 15 phens. But
as the loudness level increases, the pattern becomes less skewed toward
the lower frequencies. This chanpge neans that ar low loudness~levels ;'
gglyen-noige ds moreefiective in eompletaly br partlally masking hiphab-
frequency vones, wherpasatihighilevels. it Ls mere effective in.maskibpg
dower-Lrequeney tonmg,  Put anocher way, tae loudness Functions for- tongs
Lx&ﬂ&;ﬂhﬂx&gﬂﬂsmfrcggpngygiimicawof?tﬁhﬁnoisa"areuﬂtﬂupar-Lhan“rhanfuuiéfaﬁﬂ
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Fig, 1l. Masking of pure tones by a narrow-band noisec centered on 1000 Hz and

set at 70 dB SPL.

{Masking is the difference batween the sound pressure lewvel

of the masked tone and that of an unmasked tone when judged equally loud. The
loudness level of the masked tone, measured by macching 1t to the unmasked
tone of the same frequency, 1s the parameter. Hatched area gives the ideal
spectral limits of the masking noise. Data are based on four subjects (Scharf,

1971, adapted with permission of Audiolopy).]
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Eﬂ?“fgﬁgs ”ﬁ“%ﬁ?“ﬁﬁﬁﬁ”ﬂtﬂcanuuyinuﬂraqquaygﬁhlﬂwtherno;na; Once
These re]utionb hold as well ior a musiTEE nolse at “50 dh bPL and for a
subecritical band of nolse (Scharf, 1971). imilar results have been
obtained Tor o pure tone partially wasking apnother pure tone (Chocholle
& Greenbaum, 1966).

VI. listener

People hear Ln much the same way, permicting a large number ol
generalizations about loudness with hardly a reference to the listencr.
Nevertheless, listeners do differ from one another; and the same person's
judgment may change from one time to anorher. It makes a difference
‘whether the subject listens with one ear or Lwo ears, and whether or
not he has recently been exposed to loud sounds. Both these factors can
be controlled by the experimencer. Factors outside of exparimental
control include pathology of the auditory system and normal individual
differences. Normal differences may include small physiological variations
in the auditory system and complex variations in those aspects af decision
making and personality that could alfect the judgment of scund. This
section deals with cach of these factors in turn--binaural loudness,
fatigue, deafness, and individual differences.

A. Binaural Loudness

BB R T e PR e NS TN T A S an oGl . The question Lhat has
InLrigued invescipators for nany yoars is hov mueh lowdoer,  The most
recenl answer [s that H7Hure ot Or AT TOW=bERATRGT e~ Iammbout b #7 G LIy

gloudeiTin  two ears than In one¥Schart & Fishkoen, lU/U) - ”1uu—hun§

wolse; such as.white nolse, 1s A &8 aBETE 1.7 times 150AEY Ln Lwo curdTEON
pr~nve1apc‘4but’rhc ratio-of hinaural- to-monaural ldudness Lncreasgsy
wisiLsouad pressure-level un Il FERIEN 1ovals itTmay be. 2:0 .

AT LG Ar ARt ThinA T a1~ Co-menautal. ratio means that—the: bindura L andd
smgiaural  loudness.-funetions for purd tones have fhe same slopei bily tle
&in:ercepts-differ. The ratio of the intercepts in the power funection,

L = kp" s 1= equal to the ratio of binaural to monaural loudness. Accordingly,

the lowdness function of Figure 1 holds for hoth binaural and monpaural romnes,
except that the monaural curve should 1ie about 8 phons te the right of

the binaural curve at loudness levels higher than 40 phons aud less than

8 phons to the right at lewer loudness levels, The white-neise function

in Figure 7 1s for binaural loudness. The monaural function for noise

has a similar bowed shape, but lies to the right of che binaural function;
-the deeibel difference between the two functions increases with sound
pressure,

The data of Scharf and Fishken are based on magritude estimation and
produetion. The tonal data agree with those of flellman and Zwislocki (1963)
who used similar procedures to measure the binaural and monaural loudness
of a 1000-Hz tope, The data on whlte nolse difler somewhat from those of
Raynolds and Stevens (1960) who used a mederately wide band of noise;j they
measured a larger binaural-to-monaural rvatio which iunereased move vapidly
with level.
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The conclusions of Scharf and Flshken also agree with most of the
matching data in the llterature {Coussé & Clavasse, 19423 Porsoly & lrwin,
1967; Scharf, 1968), Only the matehing datu of Floteher and Munson (1933)
sugpested a larger binaural-to-monaural rativ for a pure tone, Thelr
overestimatlon was constant across frequency, which shows that binaural
loudness summation ls independent of frequency. Scharf (1969) went [urther
to show l:hat-loudn&umaunuuu&nnﬂ,sw.m,a.mmmvgmwlmns-nhmcnmmwuuuuﬂ‘

.di&ﬁmxsmtlv*in frodusncyrfren.thaLone. in CHETothErTEayTEThiL 1 dichority

4m onzel-lovdnessyis the same in different parts of the frequency
spectrum,
Wi e R R e T R A VT T L BT an v o he b o LR A T T T CW S s

VI s YhleRa T o 18 not - lmtepmim.h'l é'ﬁ'-'dﬂt'lfnmw.mm'l:an.m_u.‘!. Lrwin (1965}
showed that binanral summd L LSESTEmEos CEET R e48n B RNEHIBhE ULV EIDES

SRBopbsEg i in L hex twa s eh s

Given a constant binaural-to-monaural loudness ratio, the wonaural
loudness function for a pure tone or narrow-band noise can be derived [rom
the standard binaurn‘L function by changing che value of k so that
TR R ds e Aan skt L 8285 Ninere Ly is nonaural loudness in sones, P
1s the sound pressure of a 1000-liz tone, and P, is the correction factor
uged in the binaural formula. (Because the noxmuml threshold is 3 dB
higher than the binaural threshold, the value of P, 1s {ncreased by the
corresponding ratio.)

B, Auditory Fatiguo

sloudcpounatfaTfuvs~thorowr. Auditory fatipue has been demonstrated
many times as a temporary Increase in the normal threshold, known as the
gomporary threshold “sWIPL™{TT8), INoar-an elevapdd
threshold, loudness must.be:defFegsedyhere sl aidoSn TS T temporary
Boudigas._shift .

hoTeerposuReTLOtvery MntanRe  dadnd FaT T oREERoAN re (measured dn
years) tu weaker sounds muy TESGILALAL pefmanon C3thyesh B uds i T TEaRT Iy
pETiAitent.. lovdness. ahifff, a condition dealt with in the section on auditoery

pathology.

ii6 Fediné £ T0RTIR Toudnavns cruaad BYT A FAELER g mound-1a una1onoudTeo
ﬂ;;ﬁihl..maakﬁxg, except that the masking sound is turned off at least scveral
seconds before the signal is turned on. The asynchrony of masker and maskee
reduces the threshold shifts and changes their pattern, Instead of maximum
loudnesg reduction and threshold elovation a:r rhe same frequency as the
fatiguing sound, (he maximum s wnd;lLS.areatracfrequency. avhal fandtive
Nivhed (Davis, Morgan, Hawkins, Galambos, & Smith, 1950).

Riach, Elliott, and Reed (1962) meoasured the loudness function for a
2800-Hz tone four minutes after enc car had been fatigued by a 2000-Hz tone.
Presented between 100 and 110 4B SL, the fatiguing tone was left on long
enough to raise threshold 10, 20, or 30 dB. Magnitude cstimation of the
2800-Hz tonec presented sep 1rchJy to rho fatipued and rested ears showed
that the lduinésds function was'sgeapersin.tha. farTpned  Gat up_tatabout” 407EH
mibovgthe normal | thresheld?d  Above 60 dBb 8L, the loudness functions were
approximately the same in both cars. Hera is cleargpvidencasafsd murdnedd
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wracrotements like that shown in Fipure 10. And{EhSTEYERRRELY
CGitbspapsthntifunetton; the slope of the lower part of the Joudness function
increagsed from .62 to 1,06 ag TTS incrcased from 10 to 30 db. Once again
higher thresholds mean stecper loudness functisns. Davis et al., (1930)
and Hiekling (1967) have reported similar evidence for loudness recruitment

after exposure Lo noise,

The strong effects of fatigue on loudness may seem at variance with
the lack of loudness adaptation. If a sound can be turned:off and seill
reduce the loudness of another sound presented four minutes later, then the
fatiguing sound ought to reduce its own Joudness durlng continuous stimulatlon,
However, the Catiptingrsound; ;aauéﬁ;;ﬂm,aaﬁﬁsﬁﬁnmmgqgwmsnn,.bh,,_b
UoeelgyiichsToversthan.iks. owp.  The published curves of Riach ot al, show
_that for loudness to bo reduced the judged tone has to be at least 40 to 50

. dB weaker than the fatiguing tone. Furthermore, tho“factrthagytherdondnogs ;

function‘under fatigueris-steeper-than thernpwmalifunction.means:tharzghe
teduction of; laudness.is greatest. near chreshigld i 7Parstimulatory—loududys
tidapration: apparaneiysdocs not occur because the level orithe:'test . gpund |
{later segment of a sound) is.too.highirelativasto<the-tevel-ofthestEatiguEng

ﬁbggg {early segment).
C. Auditory Pathology

Changes in the loudness function have long been important in the elinical
diagnosis of auditory pathology. Loudness recruitment (a term first used by
Fowler, 1928) often occurs in cochlear pathology but seldom in either
conductive or neural pathology (Steinberg & Gardner, 1937). Patients with
high thrasholds caused by Menigre's disease (Hallplke & lood, 1959) or noise
cxposure (Ward, Fleer, & Glorig, 1961), both of which lead te damage of the
hair cells, often report they are disturbed by loud sounds. Thus a person
with a mid-frequency threshold at 60 dB SPL, 50 dB higher than normal, may
call sounds at 90 dB SPL very loud, even annoyingly loud.

Quantitative measurcments are usually obtaincd by loudness matches
elther between a good ear and a bad ear in cases of unilateral pathology
(alternate binaural loudness balance) or between a tone at a frequency with
an abnormal threshold and a tone in the same ear at a {requency with a normal
threshold. Such tests are routine in many audiclogical clinies. Miskelczy=~
Fodor (1960) popled 300 loudness matches by patients who showed loudness
recruitment, In all the cases recruitment was complete, meaning that loudness
eventually reached a normal level after starcing from an clevated threshold.
The data indicate that the grester_the. hearing lods) the.steepér thaloudnesy
Iﬁng;jp‘. Stevens and Guirao (1967) have suggested that the data Uiv thelr
power-transformation model. The data are too scattered to distinguish
between a double power function and a smooth curve, but they do fit the model's
prediction that the slope of the loudness fuaccion Increases with threshold.
The data also are similar to those collected from normal listeners for a

partially masked tone.

Although loudness adaptation 1s absent in normal ears, might it oecur in
impaired ears? In certain types of deafness, uwsually involvipg leston of the
auditory nerve ov more central parts of the aulitory system, a tane aot lar
above threshold soon becowes inaudible if left on continuously (Ward, 1977,
Harbart, Weiss, and Wilpizeski (1968) could snot lind a correspondling decay
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of loudness at suprathreshold levels. O course, o tone near threshold
must decrease In loudness before iv disappears, but at higher dovels oven
severely impaired auditory syscems do not show signilleant smounts of
loudness adaptation.

TRTAMATE fon - F AL ] BHdRERA e GFUTEHER €3 7] THL i P EERI TR aUBHE S BeT Lot
Impatrment show-nolldidhediselimmiat {onSAvo Bandwltth. For such listeners,
the loudness of four equally loud tones does not lncrease with 4 F or
bandwidth even when the tones cover a frequency range much wider than che
eritical bandwidth (Scharf & Hellman, 1966). For normal listencrs wha heard
the four tones against an Intensc masking noise, loudness summatlon was less
than in the quiet but still measurable and as much as predicted by a model
of loudness summation developed for normal cavs (Zwicker & Scharf, 1963).
These fauiilts supgested. the™ possibilit?“thnﬁ"1ha“c11ticd1uﬁhndliﬁ‘abnormdlty
Wargeliniieors. with ancochlear ~impalynidnt, Also, despite the similaricy of
loudness recruitment in cochlear deafness and under masking, the underlying
processes may be quite different in the two conditions.

Listeners with a conductive hearing loss show normal loudness summation.
They also have normal loudness functiens--ne recruitment--an exceptlon to the
tule that loudness grows more rapidly from elevated threshelds than from
normal, mid~frequency thresholds., This exception suggests that Jdoudncsd
Eeafuitmenfldccura"only-when threshold is-raﬁsed by;changua beyond ;thesiiddIuy

D. Individual Differences

Not all listeners with normal hearing exhibit loudness functions like the
standard function (Figure 1), Some listeners do not glve a good pover
function; more important, listeners pive functions with different slopes.

J. C. Stevens and Guirao (1964) measured functions for eleven listeners under

a combined estimation-production procedure in whiech the subject both set the
level of the stimulus and assigned a number proportiomal to its loudness,

The exponents in the first session ranged frem 0,4 to 1.1. Other investigators
(deBarbenza, Bryan, & Tempest, 1970; Mcblll 1960 Reason, 1968) have also
found large.individual differences. in -the Slopés of loudness. funétigns. (A
steep loudness function from a normal listener may be discinguished from 4
steep function from a listener with impaired hearing not only because threshold
is normal, but because the normal listener's function does not beceme flat

at 30 or 40 4B SL.,) Loudniss funétions probibly'differ among normal lisieéners
for many and complex reasons, some of a stable nature and some less stable,
Stable variations could include varfarlons.in.che-auditory sysbem.of less™s
fapecifiable- variations in perbOnalltﬁ. Non-stable variation could be. r‘ndug
wrrdecidental-influences that 'affect Judgmentds from one stimulus presentation
Lo another and from one session to apether., To a limited extent each of

these possibilitles has been treated experimentally.

Ross (1968a) showed that much of the variability ameng the equal-loudness
contours measured on three subjects could be aseribed to differvénces dn’thi
Ympedahrerofthe. middle iekr, However, sinee the impedance was independent af
intensity below sbour 100 dB $PL, impedance differences could not account for
possible differences in the slope of the loucness function. Slope differences
are more likely to be based on variations In the cochlea. But Ross's
analysis does point up the possibility of accounting for ar least some of
the variabillty in loudness judgments on the basis of specifiable and
presumably -stable physiolopical differences.
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Stephens (1970) has reported some tentative concluslons based on
magnitude estimations that link personalicy differences, as measured by a
standard test of anxiety, with differmces {n the slope of the loudness
Function. TR AR ey e s Y R R AT LR e R B O TR B IR TOu R TSt o
glawstETafviseoders,  Whille highly vrontative (mainly because the slopes

did nut correlate with four other measures of personal ity), these dala
suggest, qulite rcasonably, that ULjrcnengzxxnﬂamaﬁéﬁéﬁﬁf'EunnﬂdBﬂﬁﬁronf
. U ACSETENINERIRREINE T I8 AENs, or any arher subjoct lve.continuum, The
. question really is to what excent such "extraneous" factors as personality

and experlence with numbers affect loudness estimations.

J. C, Stevens and Guirao (1964) noted that their subjccts gave a

diffarent exponent in a second session, onc to six months after the first
"session. The correlatfon between the exponents from the first and second

* sessiong was 0,53, which suggests that much of the difference among subjects
in their judgment of loudness is not constan: and stable but is unstable,
petrhaps random. This conclusion is reinforced by the finding that subjects
gave power functionms with quite different expuaants when they judged visual
area in two sessions eleven wecks apart (Teghtsoonian & Teghtsoonian, 1971).
The obtained correlation between the individual slopes of the power
functions in the first session and those in the sccond session was necar
zero. At least 90% of the variance in individual exponents was attributable
to chance factors. Quite possibly the same is true for joudness functlions.

(uuioqunntly.ahﬂrrrcnvvﬁ7umuur‘Uldflnﬁhﬁ”““TuulenﬁhJ?rum e rmA T
sislti b ryraresupparently not, tor Ly mosLs Al W I TeTmyn
acldwigaydd Loryssyscem works .- Therelore - puulinﬂ'1nhdnghﬁ_jud)nmﬁLz B B{UTRE
sBEEUR. pl.normal.subjectgtlsTasuitable procedute for arriving at the hest
estimate of the slope of the Loudncau functlon. tlersendTicyandsathaer sdch
i indiyiduniuﬂ:ﬁﬂnrunansaweem“rﬂ'ncvuuntwfonflfnLle AEthe, varlante s dn Toudnogs
i @uncriona. To the extent that "central" factors affect loudness, it Is wise
i to attempt to cancel them out by averaging across subjects.

VII. Physiological Correlates of Loudness

Audltory physlologists scldem look dircctly for physiologlcal eorrclaces
of loudness; rother, they try to discover how the auditory system cedes
sound pressure. DPhysiolegical events that are monotonic functions of sound
pressure give rise to a sequence of mechanical events in the middle ear and
cochlea that culminate in the bending of the "hairs" of cthe hair cells,

Just how the deformation of the hairs, which apparently triggers neural
' activity, varies with sound pressure is not known. It is known, however,
that the maximum amplitude of displacement of the basilar membrane, on which
J the hair cells sit, is a linear or necarly linear function of sound pressure
‘ (just how linear is uncertain: see Johnstone and Yates, in press, and
Rhode and Rebles, in press). Consequently, up to the point of transduction,
the major physiological correlate of loudness is amplitude of displacement.

Beyond trawsduction, the great unknown of all sensory physiology, what
is the neural correlate of loudness? The classical answer has been the
quantity of neural activity as measured by the number of nerve impulses per
sccond (Davis, 1959). The mnre Hétive rhé"lﬁdltory mnervous "syscem,  the
greater) thadoudness - More-netivity i achiaved by a ligher.rate-ofs fiving
Wnasingle.naurons.-and-by-~a.ladrger. number..of, active.unfts.
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WA A T SangaTymodaldties;” Rauronasron i ARG ET AR T ymto~ 8 LTANEET)
CEYTMLIL. - The dhdl tory raysliom; o 0% dairlou,,hauamoroJunilﬂ»ﬂrblvauh"hinﬁ'r
Wil ntefiditial, A sound wave displaces the basilar membrane uot al

a single point but alung much of its length, how miech depends on somnd
presgurce, Thus, with Increasing pressure, hoth Lthe depth and breadth of
displacement increase; so teo does the number of active [ibers because the
hair cells and their werve [ibers are distributed along the whole basilar
membrane., The depth or amplitude of displacement dercrmines how fast the
neurons fire, and the breadth or extent of the displacement determines how
many of them fire.

QWTHE“?HV‘fhé"ﬁﬁﬁﬂdtﬂtﬂ*ﬁf‘: "Sﬁﬁﬂzrﬁhnn tFTEF‘hEFfﬂ#TEﬁﬂxnm!uvanzmﬂa
AHYEAS1EYS broadenn ‘the aréa’ 'i' vethethas L TEeemenbrale,
@rdsumablythatifs=why=loudness - IRcraasds with ¥ timils, bandwidgh. It is
net known, however, why loudness dees not begin te increase until bandwidth
exceeds the critical band; perhaps, displacement only then begins to
broaden.

Loudness depends on stimulus frequency as well as on bandwidth and

sound pressure. At threshold, most of the variation with [requency disappears
if relative amplitude of displacement on the basilar membrane is computed

at each frequeney insctead of sound pressure level (Zwislocki, 1963).
Differences in sensitivity arise largely fron the frequency-dependent
transmission of sound pressure through the peripheral auditory system to the
hair cells. For the same reason, the equal-loudness contours are not flat
over frequency. But below 1000 Mz, they are also not parallel to each other
or to the thresheld curve., They become flatter at higher levels, which means
that loudness increases more rapldly with level at low frequencies than at
middle or high frequencies. No doubt,dtheyabecome~f15LtEt”at'highcr Antengitjes
gpartly becausdtherlowsfrdquéncy infeinal oisg, Whick Taisesrthe ;threshold
fforilow-frequency/toneg, masks strong tones ‘ess effectively than wuak tenes.
Another factor may be the runld incrense. I EHeA¥La o7 “di8placement o0 the
ﬁm‘iaﬂ}iﬁimambraneahswﬁ 1ow-erquem.y...t:’6'n’e“‘is Autensifiedt  With increasing
leval, the displacement pattern spreads mainly from the place of maximum
displﬂcemcnt toward the stapes. Since a low-frequency sound preduces a
displacement pattern on the basilar membrane with a maximum teward the apleal
end, the pattern has plenty of room ro spread out. (Partly to avoid this
Influence, Stevens, 1972, advocated using a reference sound located near

3000 Hz lnstead of a 1000-#z tone.)

MUChTEEYENE VAFLERTE™IH 1oudness” seons related o thé Uisplatentit pittery
@n the basilar membrane. Loudness also depends, however, on.time, Up co 10Q
tger or g0, soudness.increases.with- duratﬂun. Zwislocki (1969) suggests that
‘this tcmporal sunmation occurs in some central part of the auditory nervous
system. He ascribes the observed shortening of the time constant at
suprathreshold levels to temporal decay of the neural firing rate at the
input to an hypothesized integrator. An essentcial and alwmost unavoldable
assumption ig that the auditory system does not integrate acoustic energy
but neural energy. For a change, the mechanical events in the cochlear are
sccondary.

The approach that equates loudness with the amount of neural activity
usually ascribes the effocts of masking, fatigue, and cochlear pathology to
a reduetlon In the number of units available for responding to the test

R o T bl e Al i i S TG
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signal, But why 1s therc a rapid Increase in loudness once threshold Is
crceeded? One onswer has been that JnqunERf"‘cW11s“ftf?t"bncnﬁHﬁat
digh-tntensitiedTTperhaps at 750 B and higlier; unaliectodxpyadhi. maal..lm, .urf
Baklpulnp wonid vivthey nrerablRitolréapond .an- the uIhnuj”;ng&&pnuudﬂhnynnqﬁuﬂ
unsekgdsanlfAtigtasthicahofd (e g, Slmmons § Dixon, [900),  HBecowiog active,
these colly sipgnal hgh lowdness lovels.  Recent data by Kiang (19068),
however, fuil to giva evidence Tor high-threshold units in the perlpheral
auditory system.

Although Intultively appealing and supported by many dota, the notion
that loudness is a simple correlate oi total neural activity may be wrong
or, at best, incomplere. Kiang (1968) undermines the notion with data from
the cat's auditory nerve. He notes that single units increase thelr firing
rate in response to Incrcased sound pressure over a maximum stimulus range
‘of only 40 dB., Furthermore, those units sensitive to the same stimulus

© frequencies all begin to respond at about the same level of stimulation;

the threshold range is little more than 20 or 30 dB, Kiang finds no evidence
for a population of high-threshold units which could be served exclusively
by the lnner hair cells. How then can loudnass inerease from threshold to
well over 120 dB SPL? The dynamic range of a single unit is at most 40 dB
and the maximum difference in threshold between units is 30 dB, which
together account for a range of only 70 dB. Can the spread of excitation te
larger numbers of [ibers account for the missing 60 or more dB? Perhaps,
but how then does a low-{requency tone manage to Increase in loudness In the
predence of a high-pnas nolse (Hellman, 1973)7  And what about white nolse
whose louduess also vontinues Lo grow over at least [20 dBY A white neisc
already stlmulates the whole basilar membrana since it contalns all the
audible frequencies. As Intensity increases, additlonal units can come In
at low and high frequencies where threshalds are high., DBut by about 100 dB
the equal-loud contours are nearly flat over much of the audible region; yet
the loudness of white noilse continues to Increase above 100 db., ToMANEER

o iipimay Invo ITe. HOFe. EHEMTALEFLY, thaintant ity mirneural, Achlidsy

Despite these difficulties, some dfiec’”'hvsiolagicai"measurementé"havd
EEROUE Ehatienrd L At L vty 1885 continue’ to, increasé up..to high.sound’ prassutq
{levelsl Teas, Eldredge, and Davis (1962) found that the amplitude of the
actlon potential, produced by the guinea pig's auditory nerve, grew with
sound pressure from a level of 50 dB to over 100 dB, Moreover, the amplitude
increased as a reascnably good power function of sound pressurc {(Stevens,
1970), Boudreau (1965) alsc measured power Zunctions for the amplitude of

the integrated neural response in the superior ollivary complex, but the range
over which the ncural response increased seldom was as lavpge as 60 dB.
Evidence from other modalities suggests that the power functien way be
determined right at the sensory reoceptor where stimulus energy is transduced
to neural energy (Stevens, 1970); just how the auditory system mansges 1t is

o an intriguing question.

Other approaches to the problem of loudness coding are possible. For
example, Luce and Green (1972) have presented a model of scnsory magnitude
based primarily upon the interval between "neural" pulses. The model
accommodates a variety of data on discrimination, recognicion, magnitude
estimation, and reaction time with heavy ompbasls on heavinp., It works su
nicely for a variety of pusychophysical tasks that hepelfully the medel can be
applied more generally to loeuduess and such eritleal variables as Landwidil,
masking, and fatigue.
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VIII. Models of Loudness

L

Investigators have long sought to caleulate loudness from the physteal
characteristica of a sound. A gystem for caleulating the louduess of a
sound from itg spectrum often entails a model that cranslforms acoust beal
parameters Lote quasi-physiological analogues. One ol the carliest models
was based on masking (Fletcher & Munson, 1937). The model had two basle
principles: (1) the spread and amplitude of the excltation cvoked by o
sound in the auditory system can be approximated from the sound's masking
pattern, i.c. the degree to which the sound completely masks pure tones over
a wide range of frequencies; (2) loudness is directly related te this
excitation. These prineiples reappear in the models of llarris (1959), liowes
(1950), and Munson and Gardner (1950) and serve also in Zwlcker's comprehensive :
model (Zwicker, 1958, 1963; Zwicker & Scharf, 1965). Other schemes for i

its close relative, noisiness (Kryter, 1970}, are designed primarily to yleld
the correct loudness estimate rather than model the auditory system. o

Figure 1l's top curve is an example of the kind of masking pattern used
in Zwicker's model, a pattern obtained from the complete masking of pure
tones by a narrow-band noise. Zwicker's model converts masking in decibels :
first to excitation and then to specific loudness, the loudness per critleal !
band. Trequency on the absecissa 1s converted to tonalness, a scale based on
critical bands and approximately proporticnal to distance along the basitar
membrane. Specific loudness plotted agalnst tonalness yiclds a lowdness
pattern, whose integral [s the loudness of the narrow-band nolse thal was
the original masker. The same loudness pattern serves [or any suberitival
sound, including a pure tonc, with the same intensity and center I'regquoncy s
the oripinal noise. The same loudness pattern can be used for a whole set of
subcritical bandwidths because equally intense sounds narrower than a glven
critical band are all equally loud (see Section III C).

Sounds wider than a critical band require broader excitation and loudness
patterns, Each compenent critical band is then represented by its own
excitation pattern. All the patterns are geometrically combined., Where
patterns from different critical bands overlap, they are adjusted to take inte
account mutual inhibition which reduces the contribution from each component
te the overall loudness, Despite this reducrion, a broader pattern means
greatcer loudness for supercritical sounds.

Zwicker's model alse permits the calculation of loudness against a masking
noise. Figure 12 shows how the model is applied to a tone masked by a narrow-
band noise. (Data for such a combination are given in Flgure 11.) The ideal
apectra for the tone and noise are at the top of the figure. Helow them are
the theoretical exeitation patterns, based on masking, which the tone and
various levels of noise produce in the auditory system. To simplify the
example In Figure 12, let us assume that whichever pattern has a higher
excitation level completely suppresses the other at a given tonalness.
Accordingly, the shaded portions of the tone's pattern contribute nothing to
the loudness of the tone, which is caleulated by converting execltation level
te speclfic loudness and integracing.

Not only does the model provide a measure of loudness, but more important
for present purposes, it Illustrates probable interactions within the auditory
system. For example, Figure 12 shows why one sound cempletely wasks anather
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sound at a hipher frequency more cabily Lhnn a sdund at a lower froquency,
lhnf""%tern“irédUccd ihy-thd@ifitende Nolae. 1 A Ak ewod TEAVEE  EHE IRt ANE

"Fraquenéies, and conpletely. onvelopegrEhiipatternopraduced pystheshiFHEP-
trfoquency«toncyimakingeleeinaudibld,  The sanc nolse patiern only partially
covery Lhe pattern of the lower-lroguency tone, and so that tone s Falml
but easlly heard. When the nolse Intensity is reduced, however, auch of
Lty pattern now lies under that of the higher-Trequency Lone, and so most of
the tone's pattern is free to contribute to loudness., 1In contrast, o good
part of the lower-frequency tone continues to be supprossed ceven by the soft
noise. Thus, en the basis of the skewed masking patterns and the assumption
that loudness is the integral of the whole excitation pattern, the model
explains why the loudness of the highar-frequency tone grows very rapidly as
the noise is softened (or if the tone is intensified and the noise held

. constant), while the loudness of the lower-frequency tone grows more slowly,

Other calculation schemes also take into account the mutual inhibition
among the components of a wide~band sound, but they do not provide the
geometrical picture that ?wicker does and that Fletcher and Munson did, Tty

‘procedura is simpler to use- and mav..-he more.nccurate than Zwicker“s,JbubJﬂﬂ
the prime purpese 1s to analyze, possible dnteractions .within the” auditony
ﬁ'fiylai:ezm or to predict. Joudnass-under. Gaskingiapd forsnarrowshand s ignals;

then. Zwickerla: -aystemiEthatter,

Except Tor a caleulatlopn HysLem duvelupvd by Nlvse (1965 Retehardt, ot

al, 1969).'n0un'nr*thv“uvqt Al a1 vmpnrn1wquumutlnﬁ’fntn aifdout . They
arofmeant to-apply-to soonds’thiaes

1 aste-lonperthauy nbout200: macccawl ACnw
fave: no B[gniflvunL~short-duraLiou ccomponenty,  Uncertaintles about the
appropriate time constant 1s one reason for this omission.

At present Stevens's system is the United States standard for the
calculation of the loudness of sounds (USA Standard, 1968), and both his
method and Zwicker's are recommended by the International Standards Organizacion
(150, 1966), Stevens (1972) has suggested some modifications eof his
procedure. In addition, Kryter's (1970) procedure is frequently used in the
calculation of noisiness, an attribute often indistinguishable from loudness.
The increasing concern with neise pollution nay cempel adeption of a single
caleulation scheme. Nonetheless, the varlous procedures provide results
similar enough to permit reasenable declsiens on the basis of any one of them.

IX, M™eaning of Loudness
A. Loudness as Subjective Intensicy

Loudness 18 Eie. subjective Intensityiofitaisound. Subjective means a
gentient listener, human or animal, rnust respond to the sound. Intensity is
normally a physical term, but the modifier "subjeective' puts intensity in
the observer and brings along all the other senses where subjective intensity
seems to be part and parcel of every sensation. The many experiments in
which subjects have successfully equated the intensity of one sensation to
that of another--of loudness to brightness, force of handgrip to vibratory
strength, loudness to roughness, ete., (Stevens, 1906)--show thai subjective
Intensity 1s common tov all the sensory wodalities. Sound, in the definition,

agsigns loudness to heaving.
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Any sound, cven one as simple as o pure tone, Is mere than just louder
or softer, People can respond to its piteh, size, density, duration,
vocality, annoyingness. A complex sound such as a band of neise, a bird's
gong, a plle driver has still more attributes: wmeaning, timbre, roughnoss,
intermittency, color, Telling a subject to judge loudness and ignore all
other attributes of a sound leaves the experimenter who attempts to measure
an equal-loudness contour or a loudness Tunctlon at the mercy of the subjoet's
interpretation of loudness {or intensity or strength).

Strlving fur o rlgorous definflion, Stevens (1934) proposced that o
sengory attribute must have Independeat Invaylance. It must be possible to
hold the given attribute constant while all other attrilbutes vary. For
example, Stevens told his subjects to make two tones of different frequency

equal in loudness by adjuscting the sound pressure of one of them. Prescnting

"tones at different frequencies, Stevens mapped out an equal-loudness contour.

He then told the subjects to make two tones of different frequency equal in
density, or volume (size), or pitch--again by adjusting the intensity of one

of the two tones, Figure 13 shows the four different equal-sensation contours
these matehes produced. Instructions to mateh for '"brightness' or other
possible attributes did not yield a fifrh equal-sensation contour, Apparently,
a pure tone manipulated as in these experiments has only four attributes, one
of which is loudness. Note that varying twoe physical parameters of a sound,
frequency and intensity, yields four sensory attributes, The equal-loudness
contour is so labelled to correspond to the instructions given in that

experiment,

Once established as an independent attribute, its functiomal relation to
the relevant stimulus properties can be mapped out. ‘That js what wmuch of (his
chapter has been about, Loudness, as subjective intonsily, bs somet imes
Incorrectly identifled with physical Intensity, primarlly because loudness is
s0 closely associated with physical intensity, being a relatively simple,
monotenic function of seund pressure, One could perhaps define loudness as the
attribute of a sound that changes most readily when sound intensity is varied.

No matter how hard wo try, we sccm unable to measure loudness without
uging language. Somehow, the subject must be told to judge loudness by one
means or another. The experimenter has no way of determining that a judgment
1s right or wrong; only the listener can say what the loudness racio is
between two soupds. The experimenter hopes that the subject chooses the
right criveria. (The experimenter also hopes that the subject listens, not
only to the instructions but to the stimuli. A subject may report a sound
as much softer--even non-existent--when he pays no heed te it than when he
listens carefully, In the laboratory, getting subjects to pay attention to
the stimull is seldom a problem, but in the real world of intrusive noisec,
attention and habituation are often critical variables,)

Stevens could label one of the equal-sensation contours of Figure 13 an
equal-loudness contour, because loudness or some similar term was used in
the inseructions., MHad the subject been an animal, trained to respend to
equality, the problem would have been to get the animal to respond only on
the basis of loudness. liow do you train for loudness without knowing what
makes different sounds equally loud? Unless you assume the animal's loudness
contourg are like human contours, an unfounded assumption that in any ecaso
returns you once again to verbally based judgments. Training and language
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Fig. 13, Equal-sensation contours for pure tones. [The sound
pressure level is showm to which a pure tonc must be set in
order to remain censtant in loudness, volume, density, or pitch
as its frequency is varied (Stevens, 1934).]
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L]
can be avoided with both human and animal subjects by measuring responsec
latency or physiological changes that follow auditery stimulation. These
nonverbal measures can be only indirectly related to loudness, and not
always successfully, as we sec in the next section.

B. HNotwverbal Measures of Loudness

A sound evokes many kinds of responses, some voluntary, most inveluntary,
Only voluntary responses, ofton verbal and always under the control of verbal
instructions, have provided data about loudress. Other kinds of responses,
entirely nonverbal, must be used to study loudness In animals, very young
children, severa ratardates. The problem is to find nonverbal responses
that are highly correlated with loudness., The search has concentrated on

-evoked potentials, a normally inveluntary physiclogical change, and reaction

time, one aspect of a normally voluntary behavioral response. These
responses, like certain other electrical, muscular, and vascular changes,

can be measured without disturbing the audirory system. Those physiclogical
measures that require surgical intervention within the auditory nervous system
are discussed in Section VII,

The nonverbal procedures, like the standard psychophysical procedures,
are used to find out how the response depends on stimulus variables such as
frequency, bandwidth, background noise; and observer variables such as
pathelogy and noise exposure, First, we look at measurements of reaction
time in humans and animals, and then measvrements of lnvoluntary, physlolopical
changes .

. Reaction Time

Chocholle (1940) pioneered in showing huu:ﬁheﬁtimexitahakc44t0¢reamif13i
WE R AR Red S, on - IREens 1Ly ind “fTequencd. The subject's task was Lo pross
a telegraph key as soon as he heard the sound, The data established two
important facts, {Reaction Tines £o egually. ToUdnrOUNdalaY 6 G6qupl; and Thd
YoGdernthes sound (7 tha shorter~tha.raactlontind, Thus, tones at very
different frequencies and sensation levels but at the same loudness levels
yielded the same reaction times, Chocholle {1554) could represent a subject's
reaction times to frequencies ranging from 50 Hz te 10,000 Hz by a single
curve, which is reproduced in Figure 14. Reaction time stopped decreasing
at loudness levels above B0 or 90 phons, no doubt owing to a lower limic of
the order of 100 msec for human motor responses. These same daca could be
used to estimate equal loudness among different frequeneles. The derived
equal-loudness contours rescmble those Fletcher and Munson (1933) obtained
by loudness matching {see Figure 3).

If non-sensory factors place a lower limit on auditery reaction time,
then subtracting 100 msec from the measured values cught to provide a better
eatimate of the sensory component and its funectional relation to sound
intensity, Thus "eorrected," reaetion time is a good power function of
loudness level between 20 and 90 phons, Below 20 phons the function steepens,
The slope of the power funection, however, is only about 9.2, much lower than
the 0.6 of the standard loudress function. Such a low exponent means nol
only that reaction time chanpes with level much wmore slowly thaw does
loudness, but also that it would be difficulu to determine whether a power
functdon, a logarithmic funetion, or some other functionm best fits the data.
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Fig. 14, A single listener's reaction time to a pure tone as a functien

of loudnesa level, [The same curve represents tonea varying in frequency
from 50 to 10,000 Hz {Chocholle, 1954, adaptcd with permission of Annales
d'0Oto~Laryngologie, published by Masson & Cie., Paris),) -
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Whatever their preclse relation, so long as reactlon time s a simple
monotonle function of level, loudness and rimetion time can be simply
related, TFor cxample, if reaction time 1s a power function of sound
pressurc with an exponent of 0.2 then reaction time i1s a power functlon of
loudness with an expopent of 0,33, A cruclal question ls whether a similar
transform works when the slepe of the louwdness function is altered by
baeckground nolse, cochlear patholagy, noise exposure, ete.  Reactlon tine,
like loudness, does chapge fastor with sigua, level in the prasence ol o
partially masking sound thuan [n the quict, but the precise relatlon botween
reaction-cime functlons and loudness lunctions under masking secms nol Lo
have been determined (Chocholle & Da Costa, 19715 Chocholle & Groonbaum,
1966), Similarly, it would be interesting to compare the hinaural~-to-monaural
loudness ratio to the binaural-ro-monaural reaction-time ratio, measured in

the same experiment. Binanral reaction times are faster (Chochelle, 1946). :
1

[It is rather puzzling that whereas reactien time to sound falls to match
loudness functions, reaction time to light appears to duplicate human :
brightness functions very well (Mansfield, in press).) ;

The reaction times of animals to sound also depends in a lawful manner
on stimulus parameters., Stebbins (2966; Stebbins & Lanson, 1961) has trained
monkeys to depress a bar upon the onset of a warning signal and then release
it as svon as the auditory signal comes on. The monkey's reaction time or
response latency 18 over twice as long as a well-trained human's, but it
changes vith intensity in similar fashion, decreasing rapidly at near-threshold
levels and much more slowly at higher levels, Variabiliry in the monkey is
not much greater than the average standard deviation of l0% for man reported
by Chocholle (1954). Moody (1970; in press) has uncavered another similtarvity.
After exposure to & loud tone, monkeys have longer latencies to tones near the
elevated threshold, but with increasing intensity, the latenecy quickly becomes
normal. This rapid drop In latency can be identified with loudness recrultmuout
similar to that measured in humans after exposurc to intense sounds (see

Section VI B).

Regponse latency to tones of differeat frequency has been used to
construct the monkey's equal-latency contours, The contours are not the same
as equal-loudness contours for man (sce Figures 3 and 4)--partly because the
monkey can hear much higher frequeneles, up to 45 kHz--but they are similar
enough to support the assumption that equal response latency means equal
loudness,

2. Involuntary, Physiological Responses

Among the many involuntary responses elicited by a sound are the
electrical changes in the nervous system observable most readily as evoked
potentials on the scalp., Much attentfon has also been given te the acoustie
reflex, the contraction of the stapedial muscle in response to intense sounds.

The brain produces so much electrical activity, that a change evoked by
a seund can be recognized only by averaging over the time-locked responsos
to many repetitions of the same sound. The averaged wave form bares
recognizable features that correlate with various stimmulus parameters. The
amplitude of the evoked petential is commonly measured, although latency may
sometimes provide relevant information.
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Keldel and Spreng (1965) found chat the smplitude of a slow componcnt
of the cvoked potential increases as a power [unction of sound pressure.
The exponent was smaller than the scandard 0.6 but how much smaller was not
reported (the authors gave only the exponent multiplied by an unstated
factor). Davis and Zerlin (1965) algo measured a power functlion with a
small exponent, 0,24, Davis, Bowers, and Hirsh (1968) measured a still
smaller exponent for a 1000-Hz tone, 0.]11. Sinece the data hoth between
and within subjects were highly variable, pover functlons with such small
exponents are not easlly distinguished from linear, logarithmic, or other
funetlens. However, Davis ct al. (1968) did find that the eortical poteotlal
grows much mare rapldly from o masked threshold in the presence of a band of
nolse than fn the quiel, The steep risce resembles loudness recrultment .
Despite this resemblance, Pavis (in press), in an overview of the relation
between cortical potentials and sensation magnitude, stresses the proat

‘variability in evcked potentials and reports a poor correlatlion between

loudness and the amplitude of the evoked potential.

Although poorly correlated with the loudness funetion, evoked potentinls
do seem to have roughly the same amplitude when stimuli are equally loud.
Tones different in frequency and level but equal In loudness evoke similar !
cortical porentials (Davis et al., 1968; Davis & Zerlin, 1965; Keidel & !
Spreng, 1965). Equally loud binaural and monaural signals also evoke equal
potentials, but if equally intense, then the louder binaural signal avokes
a larger potential (Allen, 1968; Davis & Zerlin, 1965). In general, the
corollary of the rule that equal loudness evokes equal potentials is valid,
1.e., louder signals evoke bigger potentials. Accordingly, potentials grow
not only with signal intensity, but also with signal duration up to 100 to
200 msec (Spreng, 1967) and bandwideh (Davis et al., 1968; Spreng, 1967).
[Davis and Zerlin (1965), however, «did not [ind o change in the evoked
potential with Increaslng slgnal duratlon.}

With reapect to loudness, evoked potentials and reactlon Limes bare some
striking similarities. Both change more slowly than loudness as a function
of sound pressure, both may be power functions of sound pressure, and ecach
is roughly invariant for equally loud sounds. It remains to compare cvoked
potentials and reaction times to each other in the same experiment with the

same listeners,

The evoked potential reflects gross activity in unspecifiable parts of
the brain. Potentials from the human suditory nerve have also been measured
by imserting an electrode through the back wall of the ear canal to bring it
close to the ear drum (Saleman & Elberling, 1971) or insercting it right
through the ear drum (Aran, Portmann, Portmann, & Pelerin, 1972; Yoshie &
Chashi, 1969). As the intensity of a click stimulus increases, the amplitude
of selected components of the auditory petential gees up and their latency
goes down, These techniques, being developed primarily in che clinic, have
revealed reeruitment of the nerve response in seme patients who have cochlear
impairment with evidence of loudness recruitnment, Perhaps, data will become
available to indicate ‘the extent to which the shape and slope of the loudness
function are determined at the transducer.

A different approach to the measurement of auditory responses invelves
the acoustlec reflex. An intense sound causes the stapedial muscle to contract,
resulting in a change in the impedance of the middle car, The amount of
change has been measured as a funetion of sound pressure, frequency, and
bandwidth (Hung & Dalles, 1972). Measurcments have been restricted te levels
ahbove 70 dB SPL; at lower levels, the reflex Is too weak, 1f present at all,
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to measure., Nevertheless, the acoustic reflex has been shown to reflect

the relation between loudness and frequency {Ross, 1968b), between loudness
and bandwidth--but with a much wider "eritieal band'--(Flottorp, Djupesland,
& Vinther, 1971), between loudness and intensity in cochlear pathology
{Ewertsen, Filling, Terkildsen, & Thomsen, 1958), and between binaural
loudness and monaural loudness {Simmons, 1965).

Few reports on physiological responses Lo sound seem to concern
responges outside the auditory system. Epstuin and Eldot (1972) and
Sokolov (1968) measured changes in skin resistance, which became larger
as sound intensity increased, and Epstein and Eldot also observed, using
a classical conditioning procedure, more rapid changes with lovel under
masking than in the quiect. Sokolev and Vinograd (1968) measured changes

-in the volume blood flow in the vessels of the head and hand as a Ffunction

of sensation level,

All 'the various nonverbal responses to sound are clearly and meaningfully

related to many of the same stimulus and observer variables that decermine
loudness., Some measures, notably the cortical eveked potential and reaction
time, seem to be invariant when loudness 1s constant. None seems to
correlate very well with loudness raties, and so leaves unfulfilled the hope
of finding "objective" validation for the loudness function.
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1. We owe the origin ol the concept ol loudness level and its unit, the
phon, to the German acoustician Barkhausen (1926).

2. A value of 4.5 x 107} for P, vields a falr approximation of the
modified power function in Figure 1. The equation then reads

L = 10.45 (P - 4.5 x 1075y 6

where L, 1s loudness in gones and P is sound pressure measured in dynes
per cm®, The chosen value for P, corresponds to a loudness level of
7 phons, only 1 phon above our assumed detectlon thresheld.

3, Why.is not a stecper loudness function accompanied by smaller AIs?
One possible reason is that a steeper function means that any variation
in the stimulus or its rransmission through the ear (and possibly in
transduction) are magnified within the auditory nervous system.

_Consequently, the variance of the distribucion of events clicited In

the sensory doemain by a signal ac o given level s jacreased where e
loudness function iy steeper. Hluce discrimbmition reguires distinpuishing
between two distributions ol sensory cvents to which two stimull may glve
rise, any Increase In the variance of those distributlons must lead to
reduced discrimination. However, the whole relation between diserimination
and sensory-magnitude functions is unclear, but is coming under closer
scrutiny (see e.g. Teghtsoonian, 1971).

4. These statements assume that transitivicy holds For loudness matches,
i.e., that {f sounds A and B are equal in loudness to sound C, say a

1000-Hz tone, at a given level, then scund A is equal in loudness to

sound B. Robinson and Nadson (1956) and Russ (1967) have shown experimentally
that transitivity holds within the limits of variability of loudness

matches between tones of different frequency,



