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Abstract: - This paper proposes a new pitch estimation method using comb filters H(z)=1-z"

¥ and

autocorrelation functions (ACFs) for the musical sounds including a percussion sound. We can obtain the ACF of
the percussion sound at the comb filter output where the instrument sound with pitch is eliminated. By subtracting
this percussion ACF from the ACF of the adjacent comb filter output in the twelve comb filters connected in
parallel corresponding to each pitch of one octave, we can also obtain the ACF of the instrument one, and then we
can estimate the pitch of the instrument sound from the instrument ACF.
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1 Introduction

Musical transcription is necessary in the many musical
studies, musical retrieval and also a significant
problem in artificial intelligence [1]-[3]. In the
transcription, the pitch estimation is most important
and many studies have been done [4]-[6]. Recent pitch
estimation methods use statistic signal processing,
auditory scene analysis and sophisticated algorithms
[5][6]. On the other hand, we proposed a unique
method of the pitch estimation that is based on the
elimination of the pitch (fundamental frequency) and
its harmonic components using twelve comb filters
(H(z)=1-z"") connected in parallel [4]. This comb
filter method is simple and one of old methods. In this
pitch estimation algorithm, we notice the minimum
output in twelve comb filters. However, when the
input sound includes percussion sounds, we cannot
obtain a good performance by the parallel connected
comb filter method.

In this paper, we propose a new pitch estimation
method using comb filters and autocorrelation
functions (ACFs) for the musical sound including a
percussion sound, where we treat percussions without
pitches and musical instruments with pitches. This
time, we notice the fact that the ACF of the comb filter
output eliminated the instrument sound is not periodic,
and we can obtain the ACF of the comb filter output
for the percussion sound only. Using this ACF of the
percussion sound, we can also obtain the ACF of the

comb filter output for the instrument sound having a
pitch and then we can estimate the pitch of the
instrument sound.

We consider four instruments, alto-sax(AS), flute
(FL), trumpet (TR), and pipe organ (OR), and six
percussions, bass drum (BD), snare drum (SD),
low-tom (LT), middle-tom (MT), high-tom (HT) and
crush cymbal (CC) that are used in jazz and popular
music. We also assume that the instrument sound
having a pitch is monophony and in octave 3 to 5, 36
tones. The input sound is made of real sounds of the
RWC music database (the Real World Computing
Partnership in Japan) [7]. The sampling frequency is
f, =44.1kHz .

2 Principle of the Proposed Method

Figure 1 shows the spectrum of the alt-sax C3 (C tone
in octave 3) with pitch and six percussion sounds
without pitches. To estimate the pitch, we use twelve

comb filters (H(z), =1-z " ) connected in parallel

shown in Fig.2 [4] and calculate the ACF of each
output of the comb filters. The number N, of the

delay elements of the comb filter ¢ is determined by
N,=[f./f,], []:integer by rounding, (1)

where f (g =12,---,12) is the fundamental frequency

corresponding to each tone in octave 3 when we treat
musical sounds in octave 3 to 5.
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Fig.1 Spectrum of alt-sax sound (C;) with pitch and
six percussion sounds without pitches.
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Fig.2 Pitch estimation system using comb filters and
autocorrelation functions (ACFs).
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Fig.3 (a) Waveform of alt-sax C4 and (b) its ACF

2.1 Proposed pitch estimation method

The waveform of alt-sax C4 and its autocorrelation
function (ACF) is shown in Fig.3. That is, the period
of the ACF corresponds to the pitch of the instrument
sound. The ACF of the output (x,(n), + x,(n),) of the

comb filter ¢ in Fig.2 can be written by

R, =3 050, 5, 00,)05 00, + 5,0,

1 N-1 ) 1 N-1
=N2xi(n)qxi(n +k), +N2xp(n)qxp(n +k),
n=0 n=0

l N-1 1 N-1
+W2xi(n)qxp(n+k)q +ﬁ;xp(n)qxi(n+k)q

n=0

=R,(k), + R, (k), + R, (k), + R, (k),
~R,(k), + R, (k),, 2)

where R (k), and R, (k), are the ACFs of the x,;(n),
(instrument sound) and x,(n), (percussion sound),
and R, (k), and R, (k), are the crosscorrelation

functions (CCFs) of x,(n), and x,(n),, respectively.
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Fig4 (a) Waveforms of x(n),x,(n) and

x(n)= x,(n)+x,(n) , (b) ACFs of x,(n), and
x;(n), +x,(n),and (c) ACF of R, (k)

g+l *

Generally, R, (k), and R, (k), are small comparing

with R, (k), and R, (k),

eliminate the instrument sound,

. If comb filter ¢ can
then R(k), is

represented by
R(k), = R, (k), 3)

The ACF of the output of the comb filter (¢+1) (or

(g-1)) that is an adjacent comb filter of the comb filter

g 1s written by
R(k),., = R, (k)

If we can assume that R, (k)

+R, (k). “)
o1~ R, (k), satistying
N,,~N,, we can obtain the ACF of the instrument

q+l1

q+1

sound in the following equation:

R(k), = R(k), = (R, (k),, + R, (K),,) =R, (k)

= Ri(k)q+1 (5)

g+1 gq+1 gq+1

From R (k)

instrument sound.

41 » We can estimate the pitch of the

2.2 Simulation of the proposed method
We assume an instrument sound x,(n) and a

percussion sound x,(n) in the following form:

x,(n)=0.5sin2z f;/ f,")\n+sin(4x f,/ f.")n
+sin(67 f,/ f.")n (6)

x,(n)=5(0.98)" sin2z(f,/ f,")n , (7)

where f; =100Hz, f, =60 Hz and f '=6kHz.

Figure 4 (a) shows the waveforms of x,(n), x,(n)
and x(n)=x,(n)+x,(n) , where the power ratio of
D (x(n)*/x,(n)*)(n=0-199)=0.4 . We pass the
signal  x(n)  through the comb  filters
H(z),(N,=60) and H(z), (N, =57) , where
H(z) . eliminates x,(n), and calculate R(k)q and

R(k),,, of the each output of the comb filters H(z),

and H(z),, ( (N,—-N,,)/N, =005 by the
following equationS'
10001
), = 1000 Zx (n),x,(n+k), ®)
l 1000-1
Rk)  =—— , + .
( )q+l 1000 ;(‘xl(n)q-ﬂ xp(n)q+l) (9)
(xi(n +k)q+l +xp (n +k)q+])

The ACFs of R(k), ,and R(k),,,

(b). From Fig.4 (c), we can realize that the difference
of R(k),,and R(k), is almost the ACF of x,(n)

are shown in Fig.4

g+l g+
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and then we can estimate
(60x(1/6000))=0.01sec) .

the pitch period

3 Experimental Results
In this experiment, we use 4 instruments (AS, FL, TR
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Table 1 Detection results of the pitch name from the
minimum R(0), when power ratio of signal/noise=1/2

(%).

AS FL | TR | OR
SD 84.8 [100.0 | 54.8 | 19.4
BD | 100.0 [100.0 | 74.1 | 88.8
HT 96.9 1100.0 | 70.9 | 55.5
MT 96.9 [100.0 | 70.9 | 52.7
LT 87.81100.0 | 54.8 | 44.4
CcC 93.9 1100.0 | 51.6 | 36.1
mean | 93.4|100.0 | 62.9 | 49.5

and OG) and 6 percussions (SD, BD, HT, MT, LT and
CCQ). In Fig.2, first, we detect the pitch name from the
minimum R(0), or R(k), not having a periodic

component. Second, we estimate the pitch from the
period of (R(k),,, —R(k),), where R(k), is the ACF
of the comb filter output not including the instrument
sound.

Figure 5 shows the effect of the proposed method
using the real sounds of alt-sax C4 and bass drum,
where the power ratio of the instrument sound to the
percussion one is about 0.1 (-10dB) in the signal
period of n=0-999 (1000 samples). We detect the pitch
name C from the minimum R(0),. That is, R(k), at

the comb filter C3 shows the ACF of x, (n), (bass

drum). On the other hand, R(k), at the comb filter
C#3 ( (N,—-N,)/N,=(337-318/337=0.056 )
includes the components of the alt-sax C4 and bass
drum sounds. However, we cannot detect the period of
the instrument sound in R(k), causing the large

g+l

percussion  component. If we  subtract
R(k), (x,(n),) from R(k),(x,(n), +x,(n),), we can
detect the period of the instrument sound showing in
Fig.5 (c). Then, we can estimate the pitch C4 of the
instrument sound (x,(n),), i.e., the period=171 (the
number of samples, 171x(1/44.1kHz)= 3.87 ms ~
1/261.62 Hz).

Table 1 shows the detection results of the comb
filter corresponding to the pitch name from the
minimum R(0), when the power ratio of the
instrument and percussion sounds is 1/2. Now we do

not have good results for trumpet (TR) and organ
(OR). However, we could estimate the pitch name
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with the accuracy of 93.5% using other type comb
filter ( H(z)=1+z" ).
estimation from the pitch name, we have not done the
pitch estimation for all the combinations of 4
instruments and 6 percussions, but we could obtain
the pitch estimation with the accuracy of 100% for
(AS+SD), (AS+BD), (OR+CC), and 61.1% for
(OR+SD), 58.0% for (OR+LT).

Concerning the pitch

4 Conclusion
We proposed a new pitch estimation method for
monophony instrument sounds including a percussion
one. We can obtain the ACF of the percussion sound
from the comb filter output eliminating the instrument
one. Using this ACF of the percussion sound, we can
also obtain the ACF of the instrument one, and then we
can estimate the pitch of the instrument sound. We
could obtain the aspect of a good pitch estimation even
if the power ratio of the instrument and percussion
sounds is small. However, we have not done a
satisfying experiment.

As a future work, we would like to improve the
estimation accuracy of the pitch name for trumpet and
organ and consider the pitch estimation for polyphony
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sounds including some percussion sounds.

References:

[1] A.P.Klapuri and M.Davy, Signal Processing
Methods for Musical Transcription, Springer,
2006.

[2] A.Sterian and G.H.Wakefield, Music transcription
system:from sound to symbol, Proc.of AAAI-2000
workshop on artificial intelligence and music,2000

[3] C.Roads, Research in music and artificial
intelligence, ACM computing survey, Vol.17, No.2,
1985, pp.163-190

[4]Y.Tadokoro, T.Morita and M.Yamaguchi, Pitch
detection of musical sounds noticing minimum
output of parallel connected comb filters, IEEE
TENCON 2003, tencon-72, 2003.

[5]A.P.Klapuri, Multiple fundamental frequency
estimation based on harmonicity and spectral
smoothness, IEEE Trans. on Speech and Audio
Processing, Vol.11, No.6, 2003, pp.804-816.

[6]M.Goto, A predominant-F0 estimation method for
polyphonic musical audio signals, Proc. of
1CA2004, 2004, pp.11-1085-1088.

[7IM.Goto, Development of the RWC music database,
Proc. of 1CA2004, 2004, pp.1-553-556.

17




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


