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Background Art
Many methods exist for objectively measuring the perceived loudness of audio

25  signals. Examples of methods include A-, B- and C-weighted power measures as well as
psychoacoustic models of loudness such as described in " Acoustics — Method for
ca'lcu‘latihg- loudness level,"” ISO 532 (1975) and said WO 2004/111994 A2 and US
2007/0092089 applicatior;s. Weighted power measures operate by taking an input audio
signal, applying a known filter that emphasizes more perceptibly sensitive frequencies

30 while déemphasizing less perceptibly sensitive frequencies, and then averaging the power
of the filtered signal over a predetermined length of time. Psychoacoustic methods are
typically more complex and aim to model better the workings of the human ear. Such

psychoacoustic methods divide the signal into frequency bands that mimic the frequency
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show, in a conddpilesuchzadniggpvistion methed dogd ienpedvd the performance of the

objective londness measurement with respect to subjective impressions, the inventor has

since developed an alternate psychoacoustic model of loudness perception that he

believes explains and resolves the differences between objective and sﬁbj ective loudness

20 measurements for “narrowband” problem signals in a better manner. The application of

such an alternative model to the objective measurement of loudness constitutes an aspect

of the present invention,

Description of the Drawings
FIG. 1 shows a simplified schematic block diagram of aspects of the present
25 invention.
FIGS. 2A, B, and C show, in a conceptualized manner, an example of the
application of spectral modifications, in accordance with aspects of the invention, to an
* idealized audio spectrum that contains predominantly bass frequencies.
FIGS. 3A, B, and C‘ show, in a conceptualized manner, an example of the
30 application of spectral modifications, in accordance with aspects of the present invention,
to an idealized audio spectrum that is similar to a reference spectrum.
FIG. 4 shows a set of:critical band filter responses useful for computing an

excitation signal for a psychoacoustic loudness model.
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I ncl ude applying an offset to alter t di fferences between the spectral

a reference spectral shape may include minimizing a function of the differences between
the spectral representation and the reference spectral shape and setting a level for the
reference spectral shape in response to the rriinimizing. Minimizing a function of the
differences may minimize a weighted average of differences between the spectral

20 representation and the reference spectral shape, Minimizing a function of the differences
may further include applying an offset to alter the differences between the spectral
representation and the reference spectral shape. The offset may be a fixed offset.
Modifying the spectral representation as a function of a reference spectral shape may
further include faking the maximum level of the spectral representation of the audio

25  signal and of the level-set reference spectral shape. The spectral representation of the
audio signal may be an excitation signal that approximates the distribution of energy
along ‘the basilar membrane of the inner ear. '

According to further aspects of the invention, a method of measuring the

perceived loudness of an audio signal comprises obtaining a representation of the audio

30  signal, comparing the representation of the audio signal to a reference representation to
determine how closely the representation of the audio signal matches the reference
representation, modifying at least a portion of the representation of the audio signal so

that the resulting modified representation of the audio signal matches more closely the
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shape of the audio signal representation. The adjusting may include minimizing a -

20 function of the differences between the spectral shape of the audio signal representation
and the reference spectral shape and setting a level for the reference spectral shape in
response to the minimizing. Minimizing a function of the differences may minimize a
weighted average of differences between the spectral shape of the audio signal
representation and the reference spectral shape. Minimizing a function of the differences

25 further may include applying an offset to alter the differences between the spectral shape

“of the audio signal representation and the reference spectral shape. The offset may be a
fixed offset. Modifying the spectral representation as a function of a reference spectral
shape may further include taking the maximum level of the spectral representation of the
audio signal and of the level-set reference spectral shape.

30 - According to the further aspects and yet further aspects of the present invention,
the audio signal representatibn may be an excitation signal that approximates the

distribution of energy along the basilar membrane of the inner ear.
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does not diverge too significantly from an average “expected” spectral shape. This
average spectral shape exhibits a general decrease in energy with increasing frequency
20  that is band-passed between the lowest and highest audible frequencies. When one
assesses the loudness of a sound péssessing a spectrum that deviates significantly from
such an average spectral shape, it is the present inventor’s hypothesis that one cognitively
“fills in” to a certain degree those areas of the spectrum that lack the expected energy.
The overall impression of loudness is then obtained by integrating across frequency a
25  modified spectrum that includes a cognitively “filled in” spectral portion rather than the
actual signal spectrum. For example, if one were listening to a piece of music with just a
bass guitar playing, one would generally expect other instruments eventually to join the
bass and fill out the spectrum. Rather than judge the overall loudness of the soloing bass
from its spectrum alone, the present inventor believes that a portion of the overall
30  perception of loudness is attributed to the missing frequencies that one expects to
accompany the bass. An analogy may be drawn with the well-known “missing

fundamental” effect in psychoacoustics. If one hears a series of harmonically related
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of ways but may be chosen so that the portions of the spectrum X that deviate most from the

reference spectruin Y are weighted most heavily. In that way, the most “unusual” portions of

the signal spectrum X are aligned closest to Y,,. Next a modified signal spectrum X, is

generated by modifying X to be close to the matched reference spectrum ¥,, according to a
modification criterion. As will be detailed below, this modification may take the form of
simply selecting the maximum of X and Y,, across frequency, which simulates the cognitive
“filling in” discussed above. Finally, the modified signal spectrum X c‘ may be processed
according to the selected objective loudness measure (i.e., some type of integration across
ﬁequency) to produce an objective loudness value L.

FIGS. 2A-C and 3A-C depict, respectively, examples of the computation of modified
signal spectra X, for two different original signal spectra X. In FIG. 2A, the original signal
spectrum X, represented by the solid line, contains the majority of its energy in the bass
frequencies. In comparison to a depicted reference spectrum Y, represented by the dashed
lines, the shape of the signal spectrum X is considered “unusual”, In FIG. 2A, the reference
spectrum is initially shown at an arbitrary starting
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upper dashed line) in which it is above the signal spectrum X The reference

spect ridm Yhass amesplthe matchied defdramae spechumel,, nwyrfall belowhthe sigmabspespemt¥ atm X,
creating a_matched reference spectrumY,,, (the | ower dashed |line). One may
note that all freguengigy Memlﬁ@f sigatlyspogtrum the mayds gquabigeariging signalk.  whi ch
may be considered the 5 "unusual" part of the signal spectrum when conpared
to the ref¥Peerunisdadhis grampls, theanodification does not atfect the subsequent loudness

measurement in any way. For the majority of signals, their spectra are close enough to

the modified spectrum, as in FIGS. 3A-C, such that no modification is applied and
20  therefore no change to the loudness computation occurs. Preferably, only “unusual”
spectra, as in FIGS.2A-C, are modified. _
~ Insaid WO 2004/111994 A2 and US 2007/0092089 applications, Seefeldt et al
disclose, among other things, an objectivé measure of perceived loudness based on a
psychoacoustic model. The preferred embodiment of the present invention may apply the
25  described spectral modification to such a psychoacoustic model. The model, without the
modification, is first reviewed, and then the details of the modification’s application are
presented.

From an audio signal, x{n], the psychoacoustic model first computes an excitation
signal E[b,t] approximating the distribution of energy along the basilar membrane of the

30 inner ear at critical band b during time block ¢. This excitation may be computed from the

Short-time Discrete Fourier Transform (STDFT) of the audio signal as follows
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2b) El T[5k] 121 Cb[W§ingequgl koudness ¢aritourk, such as those deplcted in FIG. 5, the excitation at

each band is transformed into an excitation level that would generate the same loudness at

1 kHz. Specific loudness, a measure of perceptual loudness distributed across frequency

and time, is then computed from the transformed excitation, E,, [b,], through a

compressive non-linearity. One such suitable function to compute the specific loudness

20  N[b,t] is given by:

N[b,t1=ﬂ([-‘%“—"é[—”’—‘—1) —1] @

where TQ,,,,, is the threshold in quiet at 1 kHz and the constants f and a are chosen to

25  match to subjective impression of loudness growth for a 1kHz tone. Although a value of

0.24 for B and a value of 0.045 for a have been found to be suitable, those values are
not critical. Finally, the total loudness, L[¢], represented in units of sone, is computed by

summing the specific loudness across bands:



where X[ k,t] represents the STDFT of x[n] at time block t and bin k, where k

is the fregoensyspi7g i ndex in the transform T[K] represepifisbéBobissguency
response of a filter 5 sinulating the trgansm ssion of audio through the

outer and m ddle ear, and C6[ k] represents the frequency response of the
basi | ar rrenbrane[,[@gegy\np&a}i on corresponding to critical band b. Rep> 4
depicts a suitable s of critical band filter responses in which forty
bands are spaced uniformy along the Equival ent Rectangul ar Bandw dt h ( ERB)
scal e,  as defined by More and d asberg (B. C. J. More, B. G asberg, T.
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1997, pp. 2Zthedidjo pricaab tid domeputatiapef the totaldecdrdse dhdyxditation E{dd) andereent i al
function and the bands are distributed using a spacing of | ERB. Lastly,

t he snobdt hisperifi¢ londuess sVEnt]. Aorithe grejentinyvebtion dvaspeatyalauedificatimsmay be
proportionate to the integration tinme of human | oudness perception within

band b. 15 apglisdfo&ithen bpianphesg themedificationsigdthe gxcitation ‘éatgeqdh@m the spacificc 5,

t he excitat] fe: b S transt or hnt 1 ' I | that
woul d ’geneﬁg@ée%hsémggﬁn% %gét}lg%goé]g Ealt%rl]sslf%ﬁ{gz%ge g‘%@@?ﬁ%ﬁﬁgﬁ%ﬁ{@g@? agl%gasur e of
percept ual fequelitydsindatiantitd thesversll vel dfithe bedi6 ¥ignal) dTHis frefledted hetheconput ed

fromthe transforned excitation, Ei kH [b,t], through a conpressive
" non- | i near imapneinevhige thespeetiaretain thectamershepe atomexing levels, apghown o FlG%dness

oo 0L EREaIRARY SR Aache G b pdind 1ovaris dib b Rl €

chosen to Ega. 2ETHES, te éexakiptatdiven hﬁ?ﬂh@g@iy@pe@tfaﬂn@wiﬂ&ﬁﬁmgww Bxdi@fiod i kHz
tone. Although a value of 0.24 for $ and a value of 0.045 for a have been

found to bépestiial egpresentatie val ues are not critical. Finally, the total

| oudness, L[11, [ &S .ad., i i ts_ofc. S0 1S C e LIMI7] t he
specific | oudneg);rg%g&é‘gs% lgnatrlllarséﬁ%t"ﬂ}ﬁﬁi%%%%&w@B’(?gf) %g&fgtmlg%_[ t] _
NCb, t) (3) fixed reference excitation Y[b] is assumed to exist. In practice, Y[b] may be created by

15 averaging the excitations computed from a database of sounds containing a large number

of speech signals. The source of a reference excitation spectrum Y[b] is not critical to the
invention. In applying the modification, it is useful to work with decibel representations

of the signal excitation E[b,t] and the reference excitation Y[b]:

20 EdBb,1]=10log,, (Eb,?]) . | (4a)
YdB[b) =10log,, (Y[b]) (4b)

Asa ﬁrst step, the decibel reference excitation YdB(b] may be matched to the decibel
signal excitation EdB[b,t] to generate the matched decibel reference excitation YdB,,[b],
25 where YdB,,[b] is represented as a scaling (or additive offset when using dB) of the

reference excitation:
YdB,, [b}=YdB[b]+A,, %)

30  The matching offset A,, is computed as a function of the difference, A[b], between
EdBlb,s] and YdB[b]: | \



b In this psychoacoustic nodel, there exist two internediate spectral

representations of the audio prior to the conputation of the total
| oudness: t YEORYB{18ET4 on E[b,t] and the 5 specific | oudnesBCRUB2008/0076%r t he
present invention, the spectral nodifi caﬂqs)'n may be applied to either, but
applying the nodification to the excitation rather than the specific

| oudness sinplifies calculations. This is because the shape of the
excitation acrosa[b]= EUBYgrcKIA[B] | nvariant to the overall |evel of (g)he
audio signal. This is reflected in the nmanner in which the spectra retain

the sane shape at varying levels, as shown in FIGS. 10 2A-C and 3A-C. Such
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is assunmed to exist. In practice, Y[b] may be created by 15 averaging the
excitations conmputed from a dat abase of sounds containing a | arge nunber of

speech signals. ® §ﬁ e nsih bggf erence excitation spectrum Y[ b] {6 not
critical to the 11i:r[ngle %le n. blgﬁa lying the nodification, it is userﬁ)l to

work with decibel representations of the signal excitation E[b,t] and the
reference excitation Y[b]: 20 EdB[b,t]=101logi o(E[b,t]) (4a) YdB(b) =10log, 0

(Y[ b]) (4b)In pactitef settiig §=2Rvorkh weliealtHRlsh kifE 9aRB GEnGIceiticall dndrbthétB[ b] may be
mat ched to the deci bel signal excitation EdB[b,t] to generate the matched

deci bel 10 ef @i Bﬁ@g@f@idﬁéikﬁﬁnﬁﬁﬂ“@]&, 7251 whey e AIVyEd)] The marifSeifiebd s a
scaling (or additive offset en using dB) of the reference excitation:
YdBM [ b] = tedBfndompuldids the weigBedrineraget aflthediffefdie exditation, apbipplusa as a
function of the difference, Al b], between EdB[b,t] and YdB[b]: WO

2008/ 1567 7 Atokranicesffels /7570 -10 O[b] = EdB[b, t] - YdB[b] (6) Fromthis
difference excitation, O[b], a weighting, Wb], is conputed as the

di fference

Y ik

S
| AM - ZW[b] +AT01 | (8)
&

15
The weighting in Eqn. 7, when greater than one, causes those portions of the signal
excitation EdB[b,t] differing the most from the reference excitation YdB[b] to contribute
most to the matching offset A, . The tolerance offset A, affects the amount of “fill-in”
that occurs when the mbdiﬁcation is applied. In practice, setting A, =-12dB works well,
.20 resulting in the majority of audio spectra being left unmodified through the applicat'ion of
the modification. (In FIGS. 3A-C, it is this negative value of A, that causes the

matched reference spectrum to fall completely below, rather than commensurate with, the
signal spectrum and therefore result in no adjustment of the signal spectrum.)
Once the matched reference excitation has been computed, the modification is

25 appliéd to generate the modified signal excitation by taking the maximum of EdB[b,¢]
and YdB,,[b] across bands:

EdB_[b,t) = max{EdB[b,?),YdB,,[b]} ©)



5 excitation normalized to have a mi ninmum of zero and then raised to a power
y : WDh] l2bds/15 n{t1[b]})" (7) In practice; setting I,

al t hough th‘flg valllu6emi‘s not critical and.gfber 10 weighti nSETg%Z%bngéu%fu ng
at all (i.e., y =1) may be enployed. The matching offset AM is then
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tol erance offset, AT., Z W[b]Jo[b] AM= bWb] ~ +ATo, (8) 15 The weighting
in Egn. r%‘i%ﬁ?“@ﬂ@'&t er than one, causes those portions of the signal
excitatlon EdB[ b, t] differing the nost fromthe reference excitation YdB[ bj
to contribute nost to the matching offset AM. The tol erance offset AT,,
affects the armlmt[bqj_lbwdlb-llllh t hat occurs when the nodification
applied. In practlce setting AT., =-12dB works well, 20 resulting in the
majority of audio spectra being Ieft unnodi fied through the application of
the nodification. (In FIGS. 3A-C, it is this negative value of ATo, that
causes t he Thisehodifiad s:ghelremdetl@pé}g{b titheo réplades &mmigmdlsygmébmmtlpat her than
comensurate with, the signal ectrum and therefore result in no

adj ust ment &b, methgurgmainug)ﬁgp& reomoting loudaesseaceonding tofthe psicoboasaustiait i on

has been conpuied, the podificatio 25 applied o generate the dified
si gnal excmqsl@f G- egmle‘am&f@e@%s w&emﬂd&w@@g@pe@#c lotidnessAsRass BpndscaSos s
bands: %\%B E}JHSZ { dB[ b, (], YdBM[b)) (9) WD 2008/ 156774

PCTI U82008 b g[} - 1 deci bel representation of the nodified excitation
is themOConvert%dbmdﬁstrateahé praetical utlﬁ@rcﬁﬁbélﬂﬁélbwﬂm@{tim FIGOEpGe{ 7' 1 0 (10)

5 This m)dlfled signal, exeitation tjl then pl aces the origi nal signal
exci t at i on depiptyat showing haw theunmed e§t3§15§‘%111ﬁ G‘t“?%@“?t&mﬁ@%}§ accor di ng

to the pSyg:&B@&R}éEI b?edlct the subjectively assessed loudness of a database of audio recordings.

For each test recording in the database, subjects were asked to adjust the volume of the
audio to match the loudness of some fixed reference recording. For each test recording,

15  the subjects could instantaneously switch back and forth between the test recording and
the reference recording to judge the difference in loudness. For each subject, the final
adjusted volume gain in dB was stored for each test recording, and these gains were then
averaged across many subjects to generate a subjective loudness measures for each test
recording. Both the unmodified and modified psychoacoustic models were then used to

20  generate an objective measure of the loudness for each of the recordings in the database,
and these objective measures are compared to the subjective measures in FIGS. 6 and 7.
In both figures, the horizontal axis represents the subjective measure in dB and the
vertical axis represents the objective measure in dB. Each point in the figure represents a
recording in the database, and if the objective measure were to match the subjective

25 measure perfectly, then each point would fall exactly on the diagonal line.

For the unmodified psychoacoustic model in FIG, 6, one notes that most of the
data points fall near the diagonal line, but a significant number of outliers exist above the
line. Such outliers represent the problem signals discussed earlier, and the unmodified
psychoacoustic model rates them too quiet in comparison to the average subjective rating.

30  For the entire database, the Average Absolute Error (AAE) between the objective and
subjective measures is 2.12 dB, which is fairly low, but the Maximum Absolute Error

reaches a very high 10.2 dB.



nodel (i.e. conputing specific |oudness and sunm ng specific | oudness across
bands as given in Egns. 2 and 3) 10 To denonstrate the practical utility of
|

the di scl osdWORMAPE7bn, FIGS. 6 and 7 depict data show nBCHYHR00SE07570
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convenient to construct more specialized apparatus (e.g., integrated circuits) to perform

the required method steps. Thus, the invention may be implemented in one or more
computer programs executing on one or more programmable computer systems each

20 comprising at least one processor, at least one data storage system (including volatile and
non-volatile memory and/or storage elements), at least one input device or port, and at
least one output device or port. Program code is applied to input data to perform the
functions described herein and generate output information. The output information is
applied to one or more output devices, in known fashion.

25 ' Each such program may be implemented in any desired computer language
(including machine, assembly, or high level procedural, logical, or object oriented
programming languages) to communicate with a computer system. In any case, the
language may be a compiled or interpreted language.

Each such computer program is preferably stored on or downloaded to a storage

30  media or device (e.g., solid state memory or media, or magnetic or optical media)
readable by a general or special purpose programmable computer, for configuring and
operating the computer when the storage media or device is read by the computer system

to perform the procedures described herein, The inventive system may also be considered



conparison to the unnodified psychoacoustic nodel, the AAE is reduced
somewhat t gyd20bg4ss70B8, and the MAE i s reduced significantperisSedsiédrsshhe
benefit of the disclosed spectral nodifj3cation on the previously outlying
signals is readily apparent. Inplementation Al though in principle the
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software, or a conbination , progranmabl e 1 ogic arrays).
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may be nore - convenient to construct nore specialized apparatus (e.g.,

i nt egr at edindependeéritsind thupearf be perfarinedrie guorded diffaréradrom ¢ desknibsd. t he
invention may be inplenmented in one or nore conputer prograns executing on
one or nore programmabl e conputer systens each 20 conprising at |east one
processor, at |east one data storage system (including volatile and

non-vol atile nenory and/ or storage el enents), at |east one input device or
port, and at |east one output device or port. Programcode is applied to
input data to performthe functions described herein and generate output
information. The output-information is applied to one or nore output

devi ces, in known fashion. 25 Each such program may be inplenented in any
desired conputer |anguage (including nmachine, assenbly, or high |evel
procedural, logical, or object oriented progranm ng |anguages) to

communi cate with a conputer system In any case, the |anguage may be a
conpiled or interpreted | anguage. Each such conputer programis preferably
stored on or downl oaded to a storage 30 nedia or device (e.g., solid state
menory or media, or magnetic or optical nedia) readable by a general or
speci al purpose progranmabl e conputer, for configuring and operating the
conput er when the storage nmedia or device is read by the conputer system to
performthe procedures described herein. The inventive system nay al so be
consi dered



WD 2008/ 156774 PCT/ US2008/ 007570 -13 to be inplenented as a v
conput er -readabl e storage nedium configured with a conputer program where
t he storage nedi um so configured causes a conputer systemto operate in a
specific and predefined manner to perfdfmthe functions described herein. A
nunber of enbodi nents of the invention have been described. Nevertheless, it
wll be 5 understood that various nodifications my be nmade w t hout
departing fromthe spirit and scopﬁggﬂjgmainvention. For exanpl e, sone of
t he steps described herein may be o ndependent, and thus can be
performed in an order different fromthat described. -14- CLAIMS 1. A
nmet hod for neasuring the perceived | oudness of an audi o signal, conprising
obtaining a spectral representation X of the audio signal, matching the
| evel of a reference spectrum Yto the |evel of the spectral representation

Xt t - . ' hS.:a., | I
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representati on e a neasure of the perceive ess of the
audi dewesl gfahe matched: referdnde/spegtrumtie rlighed with that af thecspeetsal mepriesentatiéan t he
| evel ; set reference speciru M ar of wi thin said tol,erancg offset AT.,
of " ool lyeh Seaing betg e Bitition oF i B fiBimetie SeriesnamklY BE0eE afvents
spectgy@l representation Xc that conforns nore closely to the |evel-set
reference spectrum YM than does the spectral representation X 2. A nethod
according to clproeessinghahen rthe ipestral clepregentation §f andh ¢he devel-setcreferpacet r um v
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claim 2 wixneprodubea neisiire 6E theipegtebied iirinessiof ti winlics sigadly while Y i s conput ed

as a function of wei ght ed. average of the differences between X and Y
acr oss mogifying,gwhen the spectr%l representation X and t?leievel-set reference

Cand

spectrum Y are not within said tolerance offset Ao of each other, the spectral
representation X to generate a modified spectral representation Xc that conforms more

closely to the level-set reference spectrum Yy, than does the spectral representation X.

2. A method according to claim 1 wherein the level scaling of the reference spectrum
Y is computed as a function of a weighted or unweighted average of the differences between X
and Y across frequency.

3. A method according to claim 2 wherein the level scaling of the reference spectrum
Y is computed as a function of a weighted average of the differences between X and Y across
frequency and wherein the portions of the spectrum X that deviate most from the reference
spectrum Y are weighted more than other portions.

4. A method according to any one of claims 1-3 wherein modifying said spectral
representation X to generate a modified spectral representation Xc when the spectral
representation X and the le\}el-set reference spectrum Yy are not within said tolerance offset
Arq of each other further includes taking the greater one of the level of the spectral
representation of the audio signal and the level-set reference spectral shape.
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by averaging the spectra of a representative database of ordinary sounds.

8. A method according to any one of claims 1-7 wherein said reference spectrum Y is
fixed. '

9, Apparatus comprising means adapted to perform the steps of the method of any one
of claims 1 through 8.

10. A computer program that when executed by a computer performs the method of
any one of claims 1 through 8.

11. A computer-readable medium storing thereon the computer program of claims 10.




