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In response to the honocur of the Rayleigh Medal I should like to
comment on & recent attempt to desoribe the quantitstive riles that
govern the response of the ear to complex sounds, The cutoome of
the ingquiry has led to a revised procedure, called Mark VII (17)
designed to improve our ability to caloulate the percveived lewvel of
complex noise. I should like alsc to comment on certain remarkable
pimilarities betwoen vieion and heering, aimilarities that we ensounter
in our attempte to caloulate perceived level in those two modalities,

Iord Rayleigh wan among the firet to determine the quantitative
gimilarity in the sensitivities of the two pense organs,"It appears,”
he wroate, " that the atreama of ensrgy required to influence the eoye
and the ear are of the sams order of magnitude, a conolusion alrealy
drawvn by Toepler and Boltzmamm" (2,II, p 438). We now know that the
two modalities alsc exhibit many other instructive similarities,

The stlmilus energies of light and sound are both basically
two—dimersional , varying as they do in frequemoy and intensity.

There is phase too, of course, but phase does not uonally play a
large role in the subjective magnitude of what we see oxr hear. In what
follows, it is the magnitude of our perceptions, what we call bright
-npas and loudness, that will concern us most. In particular, attention
will be addreesed to the mammer in which the eye and the ear integrate
across frequency. The problem is this, can we diecover the rules by
which to predict the vipual response, or.the auditory reeponse, when
the etlmlus is composed of a rich array of frequenocies? How, in
phort, do we go from measured spectrum to predioted sensatiom?

Befporence Stimalus

A gommon basic strategy emerged quite indepemdently in optioe and
acoustice. The guiding idea called for the choice of a reascmably
well-defined and reprodusible stimnlus to which other stimmuli oould
be compared. In early times the ptandard light source was a epemm
candle, Following Edison's invention it bocame an incandesoent lamp;
and it is now defined in terms of a black body at the temperature of
the freesing point of platimm, The purpose of having a ptan
candle was to male possible the speoification of other, umimown
light sourcee in terms of the mmber of candles to which they were
equivalent., A direct wisual comparison was required, of ocouree,
because equivalence was defined in terms of appearance, how bright
or how luminous. 4 visual rhotometer is a device that provides a
convenient arrangement for making s visual match botween the output
of a calibrated lamp and that of an mlmown source.




Apouption had nothing as convenient as a candle. There was no
standard noisemeter. Various investigators tried different types
of sounds., Bekegy (3, p.378) tells how Barkhemaen in the 1920%s
uped 8 click which he matohed to the loudnese of music and other
sounds, He tuilt a simple device that he could carry incemspicuously
in his pocket, When he clogsed a switoh it produced a olick that wae
tranaduced by & small receiver inserted in his ear, He could adjust
the level of the click to match that of the meiloc,

When the atate of the art permitted the use of oteady tomes, it
becane customary to use a pure tone as the referemos atimlus. Thus
Eingsbury (L, 1927) ueed 700 Bz as his standard "candle”, and hs *
matched it tp other pure tomss at varicns levels. In that way he |
mapped out o set of equal loudness contours. Clmrcher, King, and
(5, 1934} used 800 Bz as their standard, but the freguenmcy 1000 Hz
by Fletcher and Mmson (6, 1933) becams the reference frequency mo
used. (

|

I bhave recently proposed, however, that a betiter reference "candle™:
for measurement purposes ie & noise 1/3 octave wide and centred ot 3t
Bz (1). That noise band is located in the frequency region to which
ear ia moet sensitive. In addition, when ite level ip inoressed from
threshold, the 3150 band grows ite loudness in s more orderly manmer
than do the laower frequencies.

Given a reference light, and & reference sound, the equivalent leve
of other lights and sounds can be determined by way of a simple
matghing procedure. In prinociple, the method is straightforward;
we meTely find at what level the reference stimmlus appears to matoh
the unknown. In practice, though, we now use a differemt procednre
entirely.

Before turning to the procedures used in practice, let us enquire
further about the measurement of sensationm.

The Pgychophysical Law

It ie one thing to chovse a reference stimmlus, and even to map
equal loudness and equal brightness contours, but that endeavour
by itself doea not provids a measure of loudness or hrightness. Ve
alsc to know how sensation growe with stimulus intenedty.For example,
if we double the atimlus intemeity, does the magnitude of the sensat
double? In other words, what fumction relates the stimalus level to
subjective effect?

This was the question posed by Fechnar more than a centruy ego. He
answered it by conjecturing s logarithmic relation, a relation that
accords fairly well with the scale we obtain if we count off just
noticeable differemces, Fechner's logarithmic law dominated tha field
for many decadea, and in eome quarters it still appears to reign., It
is interesting te note that in 1927 Kingstury "measured" the loudness
contours by counting up just noticeable differences. The resulta, he
pointed ont, agreed with Pechner's law, -

Shortly thereafter, however, a change began to take place. The st
measure used by Elngsbury, which was called s transmission umit, or



was rechriptened a deoibel, It was thought et first that the dscibel,
being s logarithnid unit, would provide a wnit for the loudnesa eocale,
and aococordingly the mumbar of deoibele above threshold came to be called
eensation level. It becams obvious to anyome else who listened, however,
that a sound 100 dB abowe theshold seemed vaetly more than twlce as loud
as & pound 50 4B above threshold, Listening tests suggested that the
Fechner soale was clearly off target.

In the early 1930's the experimental search for & better loudnesa
goale mpved elong in several laboratories and produced results that
showed promising agreement, 1935 I was led to propose the name
sone for the loudness unit {7). That name still serves 1ts original
purpose, but the form of the funotion relating loudness to stimulue
intensity has undorgone revieion and refinsment.

In 1953 I had cocesion to apply three differsnt procedures, bisection,
fractionation, and magnitude eatimstion, to the measurement of both
brightnesa and loudness (8). The reeults for the two pense modalities
showsd a striking similarity, wWhat impressed me moat, however, wes
that the results suggested that both brightnass and loudness grow as
the cube root of the ptimlua intensity. (In terms of scund Preesure
the expoment for loudness becomes 2/3.) Flgure 1 shows two examples
of the measurements made in 1953.
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In the ywars sinoe 1953, subjective scaling procedures, eepecially
the procedure I called magnitude estimation, have been applied %o a
goore of different sense modalities, Quite uniformly, the meansurements
have produced evidence that the psychophysical law is a power fumotiom,
not & logarithmic function. In some of the textbeclm, in faot,
Feohner'e law is giving way to Stevens' law.

The power law haas wide applicstion, to be sure, btut when we look
closely we find that the loudness of certain sounds does not follow s
perfeot power function (8 stright line in log-log coordinmates),



Even at 1000 Ez the downward concavity of the power function is
deteotsble. That concavity comstitutes one of the reasons for seleoting
& reference pound at the higher frequency of 3150 Hz. At 3150 Hz the
loudness grows quite closely in proportion to the sound preseurs to the
two-thinde power. When the ievel at 3150 Hz ie increased, presumably
the excitation in the cochlea does not spread out as widely ae it doem
at 1000 Bz,

In viaion the power function does seem to ancounter fewer perturbations
that it doea in hearing. In the sar a low-frequenoy stimulus tends to
spill over into other reglona of the cochlea when the level of the
gtimilus is raised. That type of spill-over does not oocour in the eye.
There are other minor problems in the eye, however, such as light
scattering, but presumably the ratio of target intemsity to sostter
intensity does not ohange with level, Whenm the light level is reduced
to the sootopic reglon where the Purkinje shift ocours, there is some
differential effoot on the brightness functions for the different huss.
Generally opeaking, though, white light and 1light of various huss
s‘z/vw in brightness according to a pewer funoticm with the exponent
1/3.

White nolee, on the other hand, shows a significant departure from
a power function, &s do other broad-band eignale, sc mzch so that
explicit socount needs to be taken of the departure when we formulate
procedures to calculate subjective values, Thus T have allowed for a
departure from the powsr law in the new procedure, Mark VII, which
permites us to calculate the perceived level of broad-band noises.

Cross-Modality Confirmation

If, to a first approximation, the subjective megnitude of both loudness
and brightness inorease as the cube root of the stimulus enargy, we

oan make a quantitative prediction concerning an interesting bit of
human behaviou., If the visual stimilus ie set at several levels, and
if the subject 1s instructed to adjust the level of mascund to meke the
apparent loudnees matoh the apparent brightness, we predict that the
matohing function will have an exponent equal to ome. In other worda,
in deoibel coordinates, the matching levels describe a gtraight-line
funotion with a slope of one. That experiment, properly cownterbalanced
g0 that sound was matched to light and light wee matched to squpd, was
carried out by my colleagues J.C.Stevens and L.E.Marks {(9). The results
confirmed the prediction inherent in Figure 1,

The gemsral principle that governs oross-modality matohing is this:

the slope (exponﬂntg of the matching funotioen has a value equal to the
ratio of the exponente of the two continua that are matohed. Tha
prinoiple has been oonfirmed in numercus experiments (10, 11). As

a matter of fact, in one or another laboratory, loudness has been matohed
to more than a score of different contimua, From the oonsensus of those
many exgeriments it becomes more and more firmly eatablished that
loudness growe approtimately as the two-thirds power of the sound
PrepeuTe.

Examples drewn from 10 experimente on the oross-modality matohing
of loudness t¢ various other oriterion stimuli are shown in Figure
2, taken from Stevens {12). The slopes of the 1ines in the log-log
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coprdinates of Figure 2 give a direct indication of the wide range
of exrpcnents that givern the various semse modalities.

Since each of the 10 comtinua had alpo been scaled by magnitude
estimation, vhich requires the subjeot to matoh mmbers to atimli,”
the expensnta of the 10 comtinua were known. Given these expoments and
tho slope of the lines in FPigure 2, we can calculate 10 separate
exponents for loudness, ono exponsnt by way of each matohing fumotiom.
The gecmetric mean of the 10 caloulated exponents turmed out to be 0.67
with & stapdard deviation of 0.69 decilog.

One further fact should be noted regarding loudness matohing, The
procedure has begun to show promise of great practical utility in
thoge ciTcumstances where subjeotive variablea need to be appraleed.
For exsmple, subjects have matched loudness to their comception of
the prestige that attachas to variocus oocoupations. Other gublects
have adjusted loudnssa to match the roughness of an automoblle ride
on & bumpy road, An inatrument eold commercially provides a eound
wvhose loudness the hoepital patient can adjust to match the degree of
his pain or distress., By means of crose-medality matching, the effects
of medication may be studiad in a quanitative manner.

Summation over Frequency

How the eye integrates energy vhen the energy 1o epread over different
wavelengths hag been studied by many investigators, and the answer is
generally teken to be given by Abtney's law, so—ocalled. It 1g assumed
that the oye responds to a weighted sum of the radlant emergy. The
weighting funoction is the luminosity curve, which is aimply an equal
brightness contour. Thus the eye 1s assumed to integrate over the band
of ensrgy that reaches the eye through a filter that passes a band of
s specified shspe extending from sbout 40O to 70O nanometers. Partly
btecasue the eye filter is only about ons ocotave wide, ibmey's rule serves
reascnably well for many purposes. It is comventional to oaloulate the
luminance of & surface as & welghted sum escross the energy spectzum.

Does the eye in fact integrate energy in accord with Abmey's law? Nol
quite, it seems. "The deficiencies of Abney's law bave been known for
some time", paid Graham {13, p. 370), "but they have been tolerated or
evaded until recently,”




An experimental demonatration carried out by Chapanis and Halsey
(14) illustrates the problem, With the aid of differently coloured
filters, they required observers to make all the colours appear
equally bright by adjusting the intensity of the light through sach
- filter. After the colours, some 3L2 in all, had been matched in apparent
brightnese, their luminances were calculated by the conventional
procedure, The calculated luminances showed systematic departures from
equality. For colours of equal brightness, highly seturated colours
had lower csleulated luminance, The difference hetween saturated and
unsaturated colours reached two-to-one. In other words, two colours
that look equally bright may differ in celculated luminance by 3 4B,

It appears, then, that the eye dces more than integrate energy over
wavelength or frequency,

With the ear aleo, we fdee a problem more complex than a wighted
enpergy summation, The weighted sound level meter has its usea, to be
sure, and its design can be improved, as I have sted (1}, if an
"ear weighting" is incorporated to make it read d.'BEE), but the ear
iteelf is a more pubtle deovice than a weighted meter.

The spproach to the sumation problem that has proved most rewamding
has usually been the one that transforms the stimulus variables,
frequency and sound pressure, into subjective or sensation veriables,
such aa pitch in mels {or Fletcher's position coordinetes based om
his critical bands) and loudness in sones (or excitation). The trans
~formation of the stimulua values to excitation values was essemtially
the approach explored in the 1930's at the Bell Telephone Laboratories,

In the late 1940's one of my students achieved a noteworthy simplification
of. the multitone loudness problem by expressing the specific loudness

of each tone in sones per mel (15). He then plotted the lcudnese or
excitation pattern of each tone againgt the mel scale of pitch, as

ghown in Figure 3. There it can be seen that, in the subjective
coordinates, all the egually loud tonss can be represented by similar
patterns.
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That becomes poasible beosuse the mel ecale provides a linear map

of the oochlea (16). When the petterms do not cverlap, 8 in the lower
part of Figure 3, the loudnesses (areas) sum, When the patterns overlap,
the tones exert mutual inhibition on one another, and their total loudness
becomas less thanm the sun of their separate loudnasees,

When the tomee lie close together, however, another rule cbtalns.

If the tones fall within a critical band, which is sbout 100 mele wide
{a hectomel), then the energies of the tcmes summate. In that case, as
Fletoher said, "ons must first add togetber all the intensitiee of the
components in & oritiocal band width and treat the ccmbined inteneity as
a single compnent ...." (17, 1953, p. 195).

For tones separated by more than a hectomel, the simple formula
developed by Howes gives a good prediotion of the loudness of the
malticomponent tones.

Moet of the psounde whose perceived level we would like to calculate

are not pure tonee. Nevertheless, some of the same prinoiples apply.

We can think of o contimous speotrum sa divided into -critical bands

or into some upeful approximation thereto, such as 1/3 cotave bands.

If we start with cme such band &t a given loudness and add an adjacent
band of the same loudness, we do not double the loudness. The principles
portrayed in Figure 3 tell us thet pome degres of mubual inhibition
muwst ccour, so that the total loudnesa becomes equal to the loudness of
the first band plus some fraction of the loudness of the added band, By
pursuing that line of srgument in 1955 I managed to develop a useful
formula to exprese the loudness in souma of & complex nolse as a funotion
of the loudness of the individual bands (18). That summation formila,
backed by extensive expsrimental work, bae become the baals for a
standard procadure for the calculation of Igudness (19, 20, IsQ 532;

and also for the caloulation of peroeived noise lewel (21, 180 507).

In modified form it remaine the basis of the new caloulation procedure
Mark VII (1).

In Mark VII the summation formula remaine formally the same, but in

order to desoribe more acourately the behaviour of the ear, the fractiomal
loudnses contributed by each addad band ie mads to dapend upom the loudness
of the loudest bend in the noiss. Many experiments have shown that loudness
adds more effectively at some levele than at othera, Figure 4 shows how
the fractional loudnsss contributed by

Sound pressure level of 3150 Mz

gQ 20 30 40 ] . ™ a0 20 W00 db
o T T T T T T T T T

a3

a.es

om

o8

i 1 1 1 1 1 (1 L

1
Qs B8 10 £ 4 & B = 04 g8 Comam

Mazimum percelved loudniss o nolsingss

Figure L.

7




each added 1/3 octave band varies, depending on the gemeral level
of the noise, The abscissa represents the perceived magnitude (loud
-ness or noisiness) of the bandthat 1s maximally loud or noisy. The
loudress value in the maximsm band determines what fraction of all
the other bands must be added to the loudness of the loudest band.

Erequepoy Weighting

Boginning with the equal loundnesa contours determined by Kingshwry

(i) many studies have been mada to assess the relative semsitivity of
the ear to sounds of different frequency. The meet thorough studies

of equal loudness relations for pure tonea have been carried out in
England at the Natlcnal Physical Laberatory. Studies involving banda
of noige hawve aleo been carried out in several laboratories, amd in
1969 I was able to assemble some 25 sets of frequancy-weighting
contours measured in 11 peparate laboratories during the gquarter
century preceding {1). Despite an occasional discordant value, the data
showed remarksble agreement. The agresment persisted even though the
subjects were not always instructed to Judge loudness. Whether the
subjecta were asked to judge loudness, anncyance, or acceptability seemed
to make no eystematic difference to the oontour of equal perceived
magnituda, .

By a process of iteration and adjustment I determined a contour that
appeared to represent the consensus, The average and the medien values
for the 25 contours were also determined. Those values, along with the
consensus oontour itself, are shown in Figure G,
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The contour ie shown in segmented form, with discontinuities at
reglons of meximum curvature, The "true" contour, if we could ever
determine it, woeuld probably be smooth, but ite representation by a
segmented contour provides sc many conveniences that I have retained
it in Mark VII. The errors entailed by the diascontimuities lia well

within the bounde of experimental uncertainty.

In order to caleulate the perceived level of sonic bange and explosions
it is desirable to extend the contours to the wvery low frequency. For
that purpose we can make use of the informative messurements carried
out by B.W.Robinson and his colleagues at NPL, They have extended some
of the equal loudnese contours down to frequenciee as low as 3.15 Hz

- & most remarkable achievement. While working with the NPL data, I




was gtruck by & remarkeble faot. Below 80 He the equalf loudness combours
can be guite well represented by straight lines. Even more remarksble

the contours seem to converge toward a commom point losated at about

1,0 Hz and at a sound pressure level of 160 dB. The data themselves

are presented in the paper on Mark VII (1).

Porhaps I skould not have been surprised by the convergemos of

the equal loudness contours, because the shaps of the so-called
auditery area, the area bounded by the threshelds of audibility and -
feeling, have long suggesied such a poesibility. For example, om
page 995 of my Handbook of Experimental Psychology (22) there is a
compilation of thresholds that clearly forecaate & necessity for

the convergence demonstrated in the dats from ¥PL, I conjecture,
however, that the contours may begin to turn downward: at frequenciea
below about 5 Hz, sc that a true convergenoe, with its rather curioma
implications, may prove to be a snare that nature has sidestepped.
Bevertheleea, the approximate convergence of the contours toward 1 Hz
at 160 4B adde a besutiful simplioity to our attempts to portray the
functioning of the auditory system.

Figure 6 pictures a full met of contours representing equal apparent
magnitude. The paradeter on each contour is ite value in sores. Sinoe

- there appears to be no substential difference between loudness and
noisiness, it has peemed advisable to use the older unit, the aone,
aven though the contours may be uwsed for the calculation of so-called
nolpiness as well a8 loudness., The sone can be dafined as the perceived
magnituda of 8 1/3 octave band of noise cegtred at 3150 Hz and having
a sound pressure level of 32 dB re 20:3!/ + The form of the equal
sensation contour is such that the sohe has the same value for ths new
reference sound that it had when the reference tone wae 1000 Hz.

The basic ingredients of Mark VII are ocontained in Pigures l and 6.
If need be, thoie two figures ocan be used to caloulate the perceived
level in PLAP of any perceptually homogensous sound, provided its
spectrum has been measured in octave or 1/3 octave bands. In practice,
however, the instructions and tables published elsewhere (1) would
prove useful.

Ain Ear-Weighted Meter to Read dB(E}

In both optice and acoustice we have made use of meters whose response
has been given a frequency welghtin toc reflect the form of the equal
sensation contour, The traditional photometer that mekes use of the
human eye has been supplemented with photometers that provide a direct
mepter reading. Attempis have been made to incorporate in direot-reading
photometera a filter that matches the pass band of the human eye. If
Abney's law were correct, and if such a filter were awailable, there
would be little further use for the kind of visual photometey that
invelves the matching of visual etimli.

In sound-measuring instruments we have alao used frequenocy weightings,
both to reflect the equal loudness contour and to reflect the effect of
level on the form of the contour. Many years ago the effecte of level
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gave rige to the weightings designated A, B, and C. Perhape the time
has come now to reccnsider the welghting problem. Now that s consensua
contour has become avallable, there is an opportunity to glve the sound
level meter a representative ear weighting, The form that such s meter
weighting might have ia shown in Figure 7.
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Pigure 7.

A major advantage of an ear weighting would be that, for typical noiee
spectra, the ear-weighted scund level meter, resding in terms of dB(E),
would agree within a decibel or two with the perceived level calculated
by Mark VII and expressed in PLdB., The good agreement is made possible
by the combinaticon of two factors, the form of the consensus weighting
contour plus the nev reference sound at 3150 Hz. The sensitivity of the
ear to the new reference sound serves to lower the calculated percelived
level by B dB compared to the older loudness level, which referred to
the 1000 Hz reference tone.

Meter readings in terms of dB{4) would fall about 5 4B lowsr than dB(E)
but the difference would vary considerably with the shape of the noise
spectrum.

The prospect at this point in time 1s for an ear-weighted sovmd dewel-

meter, reading dB(E), that falls within a tolerably close Tange of the
exact perceived level in PLdB.
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Figure logends
Figure 1. Magnitude estimations of the loudness of a 1000-Hz tone

and the brightness of a luminous, achromatic S-dsgree disc. In
btoth these early experiments (1953; the subject wae firet prepared

with the strongest stimalus (70 dB) and was told to call it 100. He
was then given the wvarious etimilue levela in random order and aaked
to assign mmbers proportional to the apparent magnitude. The lines
through the data have a slope equal to 1/3 in the log-log coordinates,
1.e., they are cube-root functiona. The oircles are mean values for
16 obaervere; the triangles are mean values for 1l observers. The
reference levels for the decibel ecales are 20 pE/m? and 1010 lambert.
Later etudies with the method of magnitude estimation ehowed that it
is usunally better to omit the paming of a standard,

Figure 2. Equal sensation functions obtained by matches between
loudness and various criterion stimmli. The relative positions of
the functione are arbltrary, but the slopes are those detarmined by
the matching data. ( From 2, Stevens 1966.)

Figure 3. Patterns of excitation for equally loud tomes spaced 250
mels apart. When plotted in semsation coordinates, eones per mel
versud mele, the patterns all have the same form., The area under a
curve 1s propertional to the perceived magnitude. At the lower per—
oeived level, 2.5 sones or Ll PLdB, there i& no overlap of the patterms,
and the loudnesses add. For the upper curves, for 25 sones or Th FLdB,
the overlap im extenmive and the total perceived loudness i leea than
the pum of the separate components. (After 15, Howes 1950.)

Pigure L. Showing how the fraction P depends upon level., The wvalue F
atandp for the fracticnmal loudness contrituted by each 1/3 octave band.
The value of F used in the calculation of perceived level is determined
by the value in sones of the loudnsss or noisiness of the 1/3 octave
bapd that produces the maxism perceived magnitude. Rule for octave
bands: subtract L.9 4B from the loudest 1/3 octave band; determipe from
Pig,6 the sone valus with which to read the F value from the graph;
then double the F value. Values of F are tabled in Stevens (1, 1972},

Pigure 5. The results of averaging 25 separate contours of equal
perceived magnitude. The decibel means are shown by the circles,

the medians by the triangles. The S-seotion weighting function of

Maxk VII has beem fitted to both kinds of averages. (From 1 Stevens,1972).

Pigure 5., Contours of equal perceived magnitude in somes. This
family of contours can be used for the calculation of loudneses and
noisiness, The sound is presumed to be measured in octave or 1/3
ootave bands in decibela e 20’#Hfm2. Values for these contours are
tabled in Stevena (1, 1972).

Pigure 6. Caloulated respomse of a metwork for a sound level moter
dooigned to glve a suitable approximation to the "ear weighting".
Such a meter could be ocalibrated to read 4B(E). For may common
noipes 4B(E) would approximate the perceived level in PL4B. (From 1,
Stovens 1972).
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