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An equivalent-tone method for calculati~~g the loudness of snuntls is tlescribed. With this method the 
spectrum of the suunrl is rlivitletl inlo frequency bands wllicll are treatetl as pure tones in tletermining their 
lourlness. The inrlivitlual values or loudness are atlrlerl to 01)Lnin the total loul lnes~ or the aounrl. Calculations 
ior 1)nnrls of white noise and lor colnplex tones are compared with subjectively obtninetl data or Po1l;tck 
nnd Fletcher ant1 hfunson. The agreement hctween calculated and experin~cn taI valucs is good. It b felt 
that improvement oi  the method must await further psychaacoustic clnta. 

D URIR'G the past two decactes several methods the condition that, "the intensity, 1, does not change 
have appearcd in the literature for calculating abruptly from one frequency region to another." When 

the loudness of sounds directly from their sound- one attempts to use their method beyond this se- 
pressure spectra or masking audiograms. I n  their classi- striction, Isrge discrepancies between calculated and 
cal work on loudness, Fletcher and Munson developed subjectively determined loudness valucs can occur. 
a method of calculation suitable for determining the For example, attempts to apply tlie Fletcher-Munson 
loudness of complcs tones from the frequency spectrum.! procedure to the calculation of the Bouclncs~ of narrow 
The luudness of a contirluous spectrum noise may be hands of noise located a t  low frequencies leads to 
calculated by a procetlure developed by Fletcher and loudness levels which are lower than those subjectively 
Munson w h i ~ h  requires a suhjcctivelp determined determined by up to 25 phons. 
masking aucliograrn as starting data.2 Each of these In  engineering applications a simple objective pro- 
methods is suitable only for the particular kind of cedure for determining the Ioudness of any type of 
noise for which it was developed, and each is somewhat noise with reasonable accuracy is of great value. Several 
cumbersome to usc. Fletcher ant1 Munson also out- years ago, an attempt in this direction was made by 
lined a procedure for calculating the masking audiogram two of the authors: based on the early work of Fletcher 
of a continuous spectrum noise given ils frequency and Munson and on suggestions contained in a paper . . 

spectrum.? ?hcy correctly restricted their method hy by Churcher anrl  kin^." I t  will I,e shown in this paper 
that an extension of our method gives results - t h a ~ ,  

* Nolv at Uennrtmcllt of Electrical Encineerinr. CoIumllia Uni- . , 
vewity, NCW ~~ 'ork .  

' 13. Fletcher and W. A. Munson, J.  ,lcoust. Soc. Am. 5,82-108 %. 1,. Beranek anrl A. P. G. Peterson, J. ~icous t .  SOC. Am. 20, 
(1933). 592(h) (1948). 

t 2 13. Fletcher and \V. A. Munson, J. Acoust. Soc. Am. 9, 1-10 ' R.  G. Churcher and A. J. King, J. Inst. EIec. Engr. (London) 
(3933). 8r,57~~0 (1~37) .  
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FIG. 1. Equnl-lo~idncss contours for purc to~res I)y Plrtchrr- 
3lunson (1:-II) and for a 250-inel Ix~nd of noise l'oll~<+k. 

from an c~~gitleering sln?zdpni~~l, agree ~velI with sub- 
jective data OF Pollack," n~rrl Flrlcher ancl Munson.? 
In  ntlrlitian to bring simple, t l ~ c  operations inhcrent 
in this method may he performer1 electronically, thereby 
providing the  basis for a louclness meter. 

I. LOUDNESS DETERMINATION FOR NOISE 

A. The Equivatent-Tone Method 

Pollack's e.tperimcnts suggest thnt  a hanrl 11f noise 
11,1lose widtl~ tIoes not cscecrl about 600 mrls souilds 
as loud as a pure tone of the same intensity located 
at the mcnn frequenry of the hand. Thus, it appears 
that equal-loucfness curves for bantls of noise should 
cloqcly resemble those for pure tuncs. fcrilication of 
this is seen from P ~ E .  1, ~rrP~ich shows Pnllack's tlata 
for 230-me1 bands of noise plotted on Ihc same sheet 
as the FEetcher-Muns~n equal-lourlness contours. Even 
l~ctter aArecmenf is oblainerl if thc Churchcr-Kin? 
cur\pes are used (see Fig. 2 ) .  In making these com- 
parisons, Pollack's curvcs were shiftcd clnn~nr~~artl 4 
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PIG. 2. Equal-lnutlnm5 contours Inr pure tnnvs 1)y Churchcr- 
King (GI;) ant1 for a 2,5(Lmrl llanfl uI ntris~  11) Poll~cl;. 

5 1 .  Pollncl;, "Sturlies in thr lnudneas of cornplcx sountls," 
doctoral t l~es is ,  T)t.l>artment oi F.;!,chol~>gy, H;ir~,zrtl Irnivcrsitp, 
Cambridge, SIassachtieetts (1949cJ). 

decibels, which is about the usual difference bctn~een 
4 

free field and earphone leurlness clcte~rninxtions.~ With 
this as ;I. starting point, the procedure for calculating 
dhc loutlness of continuous spectrum noise b ~ c o m r s  
irlentic:tl to that u x d  for pure toncs. nnrl will hc rallccl 
thc eq~tir.ol~nl-lone method. TIlc procedure is as follows: 

I. Divide the noise spectrum into bxnds of irc- 
quencies, each at least greater in width than n critical 
bandwid~h for hearing,: hut not g~enter in width than 
ahout 6Cfl mels. As we shall shorn later, hands hettvccn 
300 and 600 mels in width seem best. 

2. Determine the sound-pressure level in dccibc1s for 
each band. 

3. 13y means of the equal-loudness contours for pure 
tones, find the loudness level in phoi~s for h ~ c h  band 
corresponding to the sound-pressure level of step (2) 
and the mean frequency of the Isand. 

4. lJsing the relation bet\\-een loudness and loudness 
level (Fig. 3) ,  determine fie loudness in sones contri- 
buted hy cach band. 

5 .  Adrl the individual values of loudness to obtain 
the total loudness in sones. 

B. Validitp of Adding hudnesses 

The validity of slcp (j), which requires adding loud- 
nesses for the total loudness, lias heen questioned by 
Fnmc ~xperirnenlers,'~~ Flclcher and Munson have 
sholvn that zv1tell tones are Very close togctllcr loud- 
ilesses do not add directly.' Thcy have also founrI con- -+ 

sistent results when adding loudnesses, provided the 
tones are far apart. 

HdrvesA has recently conducted e ~ e r i m e n t s  to test 
the validity of adding individual loudness values for 
multicomponent tones. Ile conclucfes thnt at levels 
above 80 rlh, the ohserved loudness of mullicomponent 
toncs is considerablv less than lIle sum of the individual 
valilcs of loudness, el-en when the tones are sep:tratecl 
by as rnuclr as ,500 rnels. However, there is goorl reason 
l u  r luu l j t  that conclusion. A more strict interpret a t' 1011 

of I~is  results is that the judg-ecl 1oudness of multi- 
comymncnt tones does not appear to be additive when 
oilc uscs thr rchtion hetween loutfness ancl loudness 
level specified hy I Iowes. The particular relation used 
by Howcs is based only on loudness ratio determinations 
and monaural-Rinauml measurements for a tone in the 
vicinity of 1000 cp5, with the intent to avoid initial 
assumptions of additivity involved in the Fletcher- 
Munson curve. In contrast with the relation of Fig. 3, 
the FlnnTes curve levels off considerahiy at high levels. 
Rut his relation seems to be bnserl on very little d a b  

L. L. Reranek, iicnrrslic ,Ileostrre?nttrfs (John 1C'iley and Sons, 
Inc., New X-ork, lqlg), pi'. 730-i31. 
' II. Flrtchcr, 1i1.v~. IIorlcrn Ph> s. 12, 47-65 r194O); Schofcr, 

Cnlcr-, Shrwm:iI:c.r, :in[! 'Thntnpeon, J. Acoust. Soc. Am. 22, 400- 
406 (10.5ll). Iict rrccn 1W and F(X)II cps, it  critic;^! F ~ : ~ n t l r ~ i d i l ~  is 
allout I f  cps; and ahore ihal, il incrc:rscs tu nt Ieast 231 cps at 
H(HX) cps. 

13. G. Churcher, J. Atoust. Soc. Am. 6, 216-226 (19.35). -r 

13. H. Hortes, Am. J, Psychol. 63, 1 (18.50). 
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L 
at high levels, and it also seems to have heen influenced 
by an attempt to find a simple mathematical formula 
relating 1ourIness and loudness level over much of the 
Poudncss ranjie.Vhe recent data. of Pollack5 include 
louclness ratio determinations for n 1000-cps tone which 
indicate that in the range from 70 rlb to over 100 dh, 
thc curvc of Fig. 3 shoulrl he tipped up instearl of 
flnttcncd. Similar rest11 ts haset1 nn masking data werc 
prcscntcd rcccnily by hlunson ancl Garcl~ier.'~ IF the 
cuwc ol Pollack is usccl, i h e  messuremcnts of Ilowes 
no lnngrr slio\v t11e markcrl rleviation from the hy- 
pothesis of additivity, It seems reasonal)le to assume, 
however, that  a t  some l c x ~ l  Ioudnesses ~ r~ i l l  no longer 
be additive. These results senre to point up the need 
for further loudness ratio mcasurements at high levels 
for pure tones. Until s u d ~  results are a\-ailahle, the 
Fletcher-Mu~ison relation between loudness and loud- 
ness level, itlustrated by Fig. 3, seems the most reliable, 
al~rl the level at which widcly scparatecl tones no loilger 
add in Ioudi~css is yek to be determined. 

C. Effects of Bandwidth 

The cquil-alent-tone method is iiltendcd to be sa tis- 
factory for pure tones 315 well as for more complex 
signals, so that in performing step (4) for any noise, 
we must use t he  rclatinn bet wee^ loudness and loudness 
lcvel that apptics to pure tones or one that  closely 
approximatc5 it. V'hen this function is specified, we 
cannot arbitrarily use any handwirlth for strp (4) even 
t h o u ~ h  it fulfills thc conditions nf step (1). That the 
I > n n d ~ ~ + l t h  lias an optirnuln value is shown hy the 
fullotving consider. A t 1011s. ' 

At lei-els above 40 dl), thc relation bcl~vccn loudnew 
(in sones) and the loudness leveI L (in pl~ons) for purc 
toucs can be expressed very closely Fly the cqualion 

where a= 30, and b = 40 (see Fig. 3). Assume we analyze 
a uniform-spectrum broad-hand noise of over-all sound- 
pressure level R into n bands, wliich we shall assume 
initially are of equal width in cycles. Then, if the level 
in each 1)ancl is high enough so that no apprcciahle 
~ ~ r e i ~ h t i n g  hy step (3) is necessary, we can compute the 
lwrlness S,, by the equivalent-tonc methocl, to bc 

The suhsctipt "c" means "computed." 
This equation shows that the number of bands la 

makes no ditTerence in the slope of the curve relating 
the 1og:trilhm of the loutIness and the sound-pressure 
Icvel. I-Iowcver, it can affccc the  position of the curve. 
Fnr the particular value of a = 10, the value of 11 has no 
effect on the result. This inrlel~endencc of n is apgroxi- 
matcly true at levels lrreEuw 40 db. 

For levels above 40 db, when a=30, the result of 

- l o  W. A. Munson 2nd 31. B. Gartlner, J. Acoust. Soc. Am. 22, 
185, (1950), Fig. 19. 

LOUOIESS LCVEL l M  PHONS 

FIG. 3. Curve of lol~rlncss level vs llotrrl~lcss :IS determined l)y F-11. 

tlqing r l i f f~rent  n i ~ m h ~ r s  of hands is to shift the com- 
puted loudness to larger values as the number is made 
hrger. The effect is 11nt vcry marl;ed, since a 2 to 1 
change in the nurnher of bands is equivalent to a 6-rll3 
change in the pressure Icvel. Hut, nhvinusly, there is an  
optimum value. In order to dctcrmine this optimum 
vxluc, \re need to know thc sul)jcctively dctcrtnil~cd 
relation between loudness and sound-pres~usc I c x ~ l  for 
a broad band of noise. 

0 20 "0 6 0  AO I00 120 

SOUYD PRESSUUE L E V E L  OF HOISE IU DFGIBELS 

PIG. 4 Exy~crimenlal data a l  Pollnck, Fletcher and hfunsnn, 
nrittain, anrl A I  iller Ior loutlness jurlgrnents equating wide l~and 
noisc to a 1000-cps tone. 
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SOLNO PRESSURE LEVEL OF W I D E  BAND 
120-9000 CPSl NOISE ltd DEClBELS 

FIG. 5. L~)utInms lwel of (2C9WQ cps) Ijanrl oi white nnise. 
Mean curve is fro~n Fir. 4. Curves are equivalent-tone calcula- 
tlons using hands of Tahlcs I ond I1 and C-K eqnr~l-lr~uclt~ess 
contortrs. Two points at  1013. lcvcls arc for caIcuiations using P-3F 
rquiit-lourlness cnnlours. h i ~ h e r  levels I he resulls using thc  
F-If cnntnun are e3senti:iIly the same as thost using lhe C-K 
contours. 

D. Loudness of a Broad Band of Noise 

The relation hetween loudness and sound-prcssurc 
level for a llronrl hand of noisc has hecn subjectively 
drtcrminwl hy n. number nf experimenters. Rrittain," 
Fletcher anrl Musson,' Miller,p2 and Pollack" have 
determined t h e  Iourlness level by halancing tllc loudness 
of a broad band tloise with that of a, 1000-cps tone, and 
their results are shn~vn as plotted pnints in Fig. 4. 
Brittain's results were obtained with a band of noise 
extending from 50 to l o ,M cps, with a reasonably 
uniform spectrum level pmduccd at the observer's 
position by a n  equalized loudspeaker system. Fletcher 
and Munson's data apply to a hrnad band of nolsc but 
with the frequency spectrum xdjusted a t  each Icvel to  
give approximately uniform ma~kinl:  of pure tones 
over the wnRe to ll),nOO cps, and their data can bc used 
only as s mide for thc present pmblcm. However, thcy 
shorn very clearly that at hidl levels, a sound of a given 
sound-pressure level is much louder if it is a broad 
hand noise than if i t  is a pure tone. Miller's results mere 
obtained with a hand of noise with a reasonably uniform 
spectrum from 150 to 80130 cps and monaural cavesecl- 

F. I T .  Erittnin, J. r2coust. Soc. Am. 11, 113-1 17 (19311. 
'W. A. IIillcr, J. i'lcnust. Sot. .hn. 19, 6C19-619 (10.1.7). His 

rcsults nrc ~ i r m  in tcrms nf srnsation level. 'l'he scnsatioi~ le~rcl 
of his broatl linnd noise is convertetl to  soun(l-yrressurc level 1)s 
adding 10 dl), and the senmtion lcvel of the equally Ivud 1IHYl-cps 
tonc i s  convcrtcd t o  sound-prrssurc lcvcl Ily adding 7 dl). Sce 
J. 1.:. Narl-kins, Jr., ard 5. S. Stevens, J. Acoust. Soc. Am. 22, 
6 1 3  (1350). 

n is cnnsi 
ra. result r 
-a c r , o r t r r .  

ear listening. Pollack's tloiw cxtentlerl only to SPM ccps, - 
and he also used monaural coveretl-ear listening. 

The scatter of thr  itv:~il:tble dat cJernl~lr, hut 
some of this scatter is undoul.rtedl> )f rliffrrcnccs 
in technique and clifferenccs in nois, ~ m ,  as well as 
being the nornial lnrge deviations encountcrcrl in t hcqe 
subjective measuferncnts. The resuf 1s of Millcr and 
Follacl; d ~ o m  little Ziffercr~ce in loudncss of a IOOn-cps 
tone and a broarl band nnise a t  a Ievcl of 1 0  d h. 'f'l~is 
result dnes not seem to hc the usual erpericnrc, nnrl, i n  
fact, Pollack givrs ol l~cr  rcsults wlrich con! radicl this 
one. He dctermincr1 a function reIating loud ncqs and 
sountl-pressure level for a \vide band of noisc by aqking 
subjects to double anrl halve the Inudncss by a~ l j u s t i n~  
the sound-preswr~ lcttel as we11 ns hy using a mnnnuml- 
binaural comparison. He calterl the louct ness curve ob- 
tained i l l  th is  fashion a "direct" loudness cun7e. 7'hc 
high-level cntl of this cun7e hss heen cnnvcrtcd by tlic 
relation of Fig. 3 to a louclnrss-levcl runre nnd i s  
plotted in Fig. 4 as the line lnhclcd "rIirrct." 'This cun7e 
s11ott.s n. slope p a t e ;  than unity cnrnlarc(1 to the t rcnd 
of less than unity :r,hich his points hor thc loudness 
halzncr method sh~u,. I-Io~rcver, the datn for this 
"direct" curve are not eu terlsivc cnough to consirler it 
morc than supplementary information for an  averajie 
curire. As we mentioned before, he also ohtai~red a 
direct curve for a pure tone, anrl i f  this curve instead 
of Fig, 3 were u5ed lo convcrt the '~Iiircct" ~ O U ( F ~ P S S  
curve to Ioz~dncss Emrel, the slope on Fig. 3 woulcl bc 
unity. 

Tl~c  ol~vinus answer to the scatter of the data slrowrl 
on Fig. 4 i s  that a more estensivc subjective investiqa- 
tion of his rclat ion I~etivcen Inurlness level nntl s o u ~ ~ d -  
prcssurc level for a broarl I>al~cl noise sl~oulcl 11c marle. 
Until the t ~ s u l t s  of such a11 invcstig:ilion are available, 
the curve rlrawn in Fig. 4 Iabelcd "VE!IS" seems a 
rcasonaljle one to use as thc rlcsir~d relst ionsl-lip. 

E. Optimum Bandwidth for Broad Band Noise 

One can cornpu te a value for the nuinher of hands 11 tn 
~ i v e  the hest fit to this "MEAN" curve, and thc value 
is 5. However, this cornputxiion is on the basis nf 
division of equal wirllh in cyclcs. Hecause nf the bc- 
hsvior of the ear, it  scems mnsc reasonohle LO divide the 
spectrum so that  i t  llas an equal numher of critics! 
bands in each of tllesr: larger I)ands or so illat it has 
the same numl~er of pitch units,  mels, in each band. 
TE~csc are essentially equivalen t.l%and this clivision Ilas 
been done. The resultant calculated Inudncss, using 
weighting by the C1-urcher-Ring cuwes, anrl with 3130 
and C#O mcls per banrl, gives the curves shown in Fig. 5 .  
Thesc seem to be reasonal)le cstrernes in the size of 
bands ro use for calculations to test the method, until 
more extensive data show more clelinirrly the optimum 
size band. 

\j7. A. 3T11nson and %I. D. Gardner, J. Acoust. Soc. Am. E, -- 
182 (1'150), lig. 12. 



C A L C C L A T I O N  A N D  h l E A S U R E M E h ' T  O F  L O U D N E S S  265 

FIG. 6. Londncss Icvt Is 
of complcrt tones w i r h  
components ot erlual- 
loutlncss. Points are rull- 
jeciii.elp dctcrnjincrl data 
r l l  1'-3i. Uurvcs are 
cquivalenl-lone calcula- 
tions using (3) TXI I~P  IT 
l3C4-mcI) and (13) '!':I! ~ [ e  
I (ON)-mel) h:u~ds. 

IT1hether or not a division into bands of this order 
of magnitude might have any neurophpsiological signifl- 
cance is not known. TIie rlivision is based on determining 
an engineering solution to thc practical measurement 
of Iouclness, and no justification for this division has 
yet been found beyond this practical problem. 

Data taken with an analy~er having x Iar~er  number 
of bands can also Ije used fr~r the present calculation of 
louclness. After step (3) of the method, the various 
narrow ballrls can be comhinccl on a n  energy basis to 
yicld the optimum number of bancfs for use in step (4). 

IYhen hands as broad as 600 me1s are used, there is a 
scrious problem of weighting at low frequencies wnci low 
levels. Weighting at the geometric mean frequency of 
the band is not salisfactory for pure toncs st the ends 
of the band. 111 order lo avoid serious errors from this 
nlcan-frequency tvrighting, it seems teasonable, when 
the sound-pressure lcvol of bhc b:tnd is dr t r rmind,  tn 

LOUDHESS LEVEL OF EaCH TONE 

use in step (2) an adjustable weighting characteristic 
similar to that now used in American Standard Sound- 
Level Meters. Then, the weighting can he set according 
to the hand level, and large errors are avoided. 

F. Optimum Bandwidth for Complex Tones 

That there is an optimum value of bandwidth for 
calculating the loudness of complex tones by the equiva- 
lent-tone method is easily seen hy considering the 
various possibilities. If the hands are so narrow that 
each component is jn a separate hand, then at high 
levels the calculated loudness level for ten tones of 
equal loudness is 30 phons higher than the loudness level 
of the individual tones. If the bands are so wide that 
all ten tones are included within one hand, the calcu- 
lated loudness level is about 10 phons higher than for 
one tone. 

FIetches and Munson have determined the loudness 
level of complex toiles of many components wirh 

SOUND PRESSURE LEVEL o ~ ( 6 0 - ~ U O O C P ~ ~ M O I S E  IN DECIBLLS 
Frc. 7 .  Sourid-pressu~r: lcvcl (SPI,) of flat ~ r i d c  band noise (6 

58(X) cps) zr$ SPL of crlually loud (6S1000 cps) flat lnnrl nf nolse. FIG. 8. SI'L of flat wlde band noise (GO-580n tps) us SPL of 
C'irclcs are sulljrctivcl:, cIeterminct1 data "T llr>ll;ick. Curves are equally loud (400&5800 cps) flat hand of nnise. Circles are 
r.rliiivnlcnt-lonc calcul:.tions usina F-11 and C-K equal-loudnrss jectivelg deter~nined data of Pollack. Curves are equivalent-tone 
cuntours. calculations using F-Rf and C-F; equal-loudness contours. 
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TABLT. I. Frrrluency limits o l  hands used in the cqt~ivnlcnt tone 
calculniinns. ilpproximatcly 600-me1 I~ands. 

various values of frequency stparation.' The pertinent 
subjective measurements arc sho~vn as plotted pnints 
in Fig. 6. These complex tones are made up of tcn or 
eleven components, each adjusted to be of thc same 
loudness. The live sets of data sho\rrn cowr a range of 
frequency intert.:ils from 53 to 530 cycles. Thc cnIcu- 
Zatetl Iwdncss lwcls for 300-me1 I~ands  are shown in 
Fig. 6 (a), and those for 600-me1 bands are sholvn in 
Fig. 6 (b). 

The agreement helmcen cal culalfll and measured 
values is excellent for 300-me1 hands anti reasonably 
good for 6W-me1 hands. Thcse results indicate that 
jCK)-rnel or even slightly nzrrotvcr bnnrls arc best suited 
for thcse cornplcs tones. On the other hand, tfie opti- 
mum bandwidth fnr broad band noise seemed to I-re 
~c t~vecn  300 and 600 mels with the broritler hanrls 
~cing sli~lltly better than the narrower. 

The differerlces In calculated results betwcer~ using 
hc 300-me1 ba~lcls or the hfH1-me1 hands are not so very 
~ e n t .  For p r x c t i ~ d  eengincering work, it seoms hest to 
aver Lhe optimum hantl~vidth for broacl hnnrl noise, 
Iecxuse tlint t l p e  of noise is encountered morc oflen 
than are multicnmponent equal-tourlncss tones. 

G .  Comparison with Sound Level 
It is interesting to consider the relations among the 

.exding of a sounrl-level meter, the calculntcct loudness 
eve! by tllc equivalent-tone metliod, and the sub- 

jectively determine(1 luudncss level for various sounds. 
I I  the sound-level mctcs had continuous weighting 
accorclinr to frennencv and level, both the snund -level 

A .  

meter itnd the equivalent-tone rnc~llod would give the 
same result for pure tones. Th i s  result mould be the 
loudness level for pure tones. 

T A ~ L E  11. Frequency limits of l~ands u ~ e r l  in  the equivalent-tone 
calculal ions. SOII-me1 hands. 

Band 

Pitch Mean-pitch 
limit* frrlquvncy 
(melr) ' C I I ~ )  

&3(H3 91 
~3u-tioo .ur, 
hlJlh(~l)O hi0 
or ~ l -  1 21 KI 1oet1 

124 kf-1,5(10 1CbiHI 
1 5 t ~ k l s w  22,:o 
1!4lil-21OlI L 1 ) t d )  
2t4)11-2.100 4ot 10 
2 j r ) r r ? ; c~ )  .i I ~ N )  

2711(&.+11130 
- 

J*\(HJ 

'IThile the relations shown in Fits. 5 and h nre given 
in terms of sound-pressurc level, it is c l ~ x r  that a t  hi,ah 
I~vels, li,lvhere the nreighting is fiat, the clifferencr: Ilr- 
tween n sauntl-I~\~cl  nlcter rearlinji nricl thc Iondncss Fuvcl 
can hr of thr nrrlcr of 1.; pfimtls for n 11rrl:trl trnnrl noisc 
and of the orrlcr ni 20 phn~ls inr n tcn-c~ml>onent com- 
plcx tone. As the previous analysis has shown, the cor- 
rcsponrling differences far the equhalent-to11e mcthod 
are only a frw clccibels, heing essentially within the 
accuracy of the present subjective data. 'I'he accuracy 
of the equivalent-lone method for detcrminin~ loudi~uss 
can be checked for still other types of snund whose 
loudnesses have bcw determined; this chcck is give11 
in Secs. I1 and 111. 

IL. COMPARISON OF CALCULATED WITH 
SUBJECTIVE RESULTS FOR NOISE 

The cquiv,zlent-tone method of cnlculal iun mas ap- 
plictl tr, the continuous noise spcctrn used by Poll:~clc, 

FIG. 9. SPL nl  flnl wide l~antl noisc (6&5RIW7 cpsl w (CJ&lm 
cps) ffal Innd of noisc. Circles arc sul~jcctively clr.trrminet1 rl:1t:1 
Ily Pn1l;ick. Curves arc cquiv;ilent-touc cnlcul:t(ions usinq bnnrls 
06 ? ' R ~ J ~ P S  I nntl 11. 

As wc just statrd, he has cletermincrl ftie l o u d n ~ ~ s  levc! 
in phons of a Ilnt wirlc band (li0-5800 cps) rnnrlum noise 
as a function of thr intal sound-prcssure level (Fig. 4). 
Results for narrower bands were also ohtainctl and 
a i d  expressed in terms of the sound-pressure level of 
an equally loud wide band of noise. 

Figures 7 and 8 show the sound-pressure levels of 
Bat continuous spectrum noises of two handwidths 
plotted against the wund-prcssurc level of a wide band 
of noise oh equal loudness as calculated by  thc equiva- 
lent-tone method outlined above. The two sets of pure- 
tone equal-louclness cumcs of Figs. 1 and 2 ant1 the 
600-me! I~nnds shown in  Table I were wcrl in ol~taining 
the ciasfreti and solirl curves. The ptlrr-to~>e equal- 
Ioucln~ss curves, RS well as the loudness zu Eo;udnrss-level 
function used in the c~lculations, arc based on the 
usual free iield listening conditions. Although Pollnck's 
data %ere oblained using a single earphone, the as- 
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sumption was made that thr experimental relation be- 
tween loudness and sound-pressure level ~irould have 
the same form as for free ficld noise. The agreement 
between calculated nnrl measureti data is better when 
the Churclier-King equal-louclncss co~ltaurs arc used. 

Figure 9 sholvs a compari~on of the c;llculatio~~s oh- 
iainetl from the five 600-me1 hands of TahIc I and from 
the ten narrower bands of Table 11. The Churcher- 
King equal-loudness contours mere used. 

Comparisons are also shown in Figs. 10 aad 11 of the 
subjectively determiner1 Enadlless levels obtained by 
Fletcher and Munson (slltl shown in Figs. 12 and 13 
of reference 2) with the results obtained by the equiva- 
lent-tone method of this paper. The banrls of Tables I 
and T I  wcrc used in the calculations. The calculations 
for the narrower \land of nnisc by the Fletcher-Munson 
method arc also shown, and they are seen to be lower 
than the subjectively determinecl values by 12 to 25 
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SOUND PREsSUnE LEVfL OF 1140-260 CPSl NOISE IN DECIBELS 

FIG. 10. J,oudntiss of a (130-260 cps'r Rat band nf noise. A. 
Equivalent-tone cnlcuIatinns, 'Sat)le TI hilnrl5; B. Equivalent-tone 
calcalnt ions, 'I'ahlc 1 I3a11ds. C. P-\I nlnsking autliogram lneihorl 
cotnl)~rlrtl from the frcqucncy spectrum. I:lctcher and Xlunson 
limit thrir mctborl to s o ~ ~ n d s  rr i l l )  sprctrn that (lo no2 chnnqe 
nl)ruptly. 

pl~ons at the h i ~ h c r  levels, mliilc those by thc equiva- 
lent-tone methot1 differ bv rnurli smaller amounts. 

PolIack also shower1 data on loudiless comparisans 
of hands of noise as a function of upper cut-off fre- 
quency, lower cut-off frequency, and broadening of 
bandwidth for a constant mean frequency. These results 
are shown in Figs. 12 to 14, aloilg with results of 
equivalent-tone calculations. The aneelnent between 
calcuIated and measurctl data is satisfactory. 

111. RESULTS FOR COMBINATIONS OF TONES 

Calculations for combinations of tones have also 
been made t ~ y  the cquivafent-tone method for n witlrr 
range OF levels than sho~v]~  in Fig. 6. Weighting i s  
assumed to he continuous in level and trcquency, anti 
to be cletermined by the weighted total level in the 
band. This calculntion procerlure was applied ta the 
free field data of Fletcher and Munsonl for cornbina- 

SOUUh PRESSURE LEVEL OF 1140-1200 CPSI NOISE In DECIBELS 

Pm. 11. I,oudneqs of a (130-12011 cps) flat hand of noise. A. 
Eqaivnicr~t-tone cnlculat ions, Ti~llle 11 1):lnrl.;; 13. E:quivalenl-tone 
calcuhtiotrs, '1'Jtle I hanrls; C. F-?.t maski~~y.  xu~liugrum  neth hod 
computed from the frequency spectrum. 

tians of ten pure toncs. Figures 15 to 17 show the results 
of the calculations together with the original experi- 
mental data. Both ordinate and abscissa are expressed 
as loudness level in pholls in conformance with the 
publishetI data of Fletcher and Munson. The five-band 
and ten-hand curves mere calculatecl using the frrquency 
division of 'hble  1 and Table IT, respectively. 

m* DISCUSSION 

The agreement of the mlculatecl curvcs with the 
cxpcrimental data of Figs, 7 to 17 is felt to  be a satis- 
factor;\. indic:tt ion of the engineering usefuln~ss of l l ~ e  
method by which the calculations 7%-crc made. Because 
of the variability inherent in experimentn1 data based 

UPPER CUT -OFF TR<QUENCY IN CYCLE9 PER 9ECOHO 

FIG. 12. Equal-loudness cnniours inr hrrnds nI noice rvitlh a 
Iowcr cut-nR frequency of 60 cps and tlre inrlicatctl tipper cut-off 
frequcncics. Figurcs t)tr  curvcs :Ire SPL of equally Inud wirlc barid 
noiw (6&S&M cps). C i r c l ~  arc suhjectirrly determirietE t l a h  of 
Pallack. Curves are equival~nt-tone c:~lntl~itions using banrls 05 
'Tnhle I and C-K contours. 
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LOWER CUT-OFF FREOUEICY I N  CYCLES PER SECOND 

FIG. 13, Equal-loudness contours for l~antls of noise with an 
upper cut-ofl irerluencjr of .?XI10 cps m r l  the lowrr cat-off frequency 
as indicatcd. Ficurcs on curves are SPI, of ~ r i r l e  ])and (GO-.?SO0 
cps) noise. Circlcs a r c  subjectively determined d;tta of T'oll:~ck. 
Curvcs are et1uir:rlent-tone cnlculations usin: bands of 'I'alrle I 
and C-K contours. 

on subjective estimates, it is prohahly unwise to at- 
tempt to deduce rrom the data opinions as to  nhicll 
of the two sets of banrls or which of the two sets of 
equal-loudness curves is more accurate. Fnr the sake of 
simplicity in calculations, division of the spectrum into 
a small number of bands is, of course, desiral>Ic. For 
line spectra. or for continuous spectra which slope 
steeply at low lrcquencies or are very irregular in 
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FIG. 14. Equal-lor~dness contours of bands of noisc oi lhc I)antI- 
wi(1th inrlicntetl, Cenler Ircrlrlency n i  11anrls is 150() cps. Figircs 
on curves arc SPL of etluaIIy Inud ivitle hnnrl nnise (Ci)-.i8(X) cpq). 
CircIcs are sul~jcctively dcter~nined rlntn of Pollack. Curves are 
equivalent-tone calculntions using hands of T,zlde I and C-K 
contours. 

WUDME43 L E Y E L  OF EACH TONE IH PUONS 

Fi:. 1.5. Iiouclncss of 10 ccluallv loud tones from 53C5300 cps. 
Separation h e t ~ e e n  ionrs is 530 F ~ S .  U i r c l ~ ~  arc s~~hjcctivrly 
determiner! data of F-XI. Curves arc rrluiwlunt-lonc cxlculntions 
using She P.\I cclual-loudness conlours. 

shape, continuously adjustable frequency weighting is 
necessary. In  the design and construction of x 1)ortabIe 
loudness meter, t h e  cl~oice of n smaller number of banrls 
rvouId provitl~ practical and economic atl~~tnltnges. 

Y. THE LOUDNESS METER 
-7 

The cq?kizbnlent-forte method provitles the basis for a 
direct-readiag Ioudncss meter. Such a meter coultI 11e 
constructed as shown in Fig. 18. The electrical output 
of the microphone is pxssecl througl~ a set of hand-pass 
filters which are manually srritchetl into tlre circuit onc 
a t  n time. The output of the filter is then  amplifietl, and 
the resulting signal is attcnuxtcd wit11 po~eutiolneters 
Iiaving response characteristics appro?rim:~ting tlir frcc 

LOWONLO5 LEYEL OF Eacn TONE IN WOnS 

FIG. 16. Loudnes  of 10 L ~ u R I I ~  loud tones Irnrn 5@5W cps. 
Separaliun Iwtn-ccn ttrries 50 errs. CircIcs are sul>jectivcly clcter- 
~nincd d , ~ t n  o l  !'-,\.I. Curves are erluiv;tlent-~nnr calculations using -- 
the 17-11 equal-loudness contours. 
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tiomcter makes it possible to make louclness measure- 
field cqual-lnuilness contours. For levels almvc 90 phnns, ments ou pure toncs, cornplcx tones, and continuous 
the equal-loutlness contours are assumed to have ,z spectrum noises. 
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FIG. 18. l%lnck dinaram of a dircct-reading loudncss rnctcr. 

"flat" frcqucncy response, and a lognrithmic potentiom- 
eter is usetl for attenuation n l  these higher levels. 
I3elom 90 phons, a phon potentiometer having the 

- FIVE a N O  TEN BhNtb5 
0 EXPERIMENTAL D l T U  OF , F L E T C H E S  AND MUNSOB 

desired rcsponse of the equal-loutlness contours is used. 
Thc tivo potentiometers arc mechanically connectetl 

200 20 40  60 80 IOO so as to provide continuously weighted attenuation 
LOUDNESS LEVEL OF EACH TONE In PHONS for levels of SO to 150 phons. For each band, the attenu- 

F ~ ~ +  17, Loutlness of loud toIlcs from cps. ation is adjusted to give a mid-scale reading on the out- 
Scparal ion I>ct~vcrn toncs is .i.i cps. CircIrs are sr~hjcctivcly dctcr- put metcr, and the value of loudness is read from the 
minctl clata of 1'-\I. 'rhe results of eqaivalcnl-tone calcl~latiuns mlihration on the control. The l~alues of loudness for the 
using the  P-SI equal-loudness contours are ihe same Iilr five 
lmnds nnrl ten hnnrls, sincc all tZlc c n c r ~  is in one l~anrl. T h e  i"clividu"l are addctl the total 
curvc is thc rcsuh (I[ t he  c:~IcuI;ttions. loudness of the input sound. The  use of the phon poten- 


