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Abstract

An autocorrelation method is used in pitch estimation. Autocorrelation values in time and frequency domains, which
have different characteristics, correspond to the pitch period and fundamental frequency, respectively. We utilize an
integrated autocorrelation method in time and frequency domains. It can remove the errors of pitch doubling and having.
In the time and frequency domains, pitch period and fundamental frequency have reciprocal relation to each other.
Especially, fundamental frequency estimation ends up as an error because of the resolution of FFT. To reduce these
artifacts, interpolation methods are applied in the integrated autocorrelation domain, which decreases pitch errors. Moreover,
only for the pitch candidates found in a time domain, the corresponding frequency—-domain autocorrelation values are
calculated with reduced computational complexity. Using linear interpolation, we can decrease the required number of FFT
coefficients by 8 times. Thus, compared to the conventional methods, computational complexity can be reduced by 95
times.
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Fig. 1. Integrated autocorrelation in time and frequency
domains.
(a) voice aciivity in time domain,
(b) autocorrelation in time domain,
(c) autocorrelation in frequency domain, which is
represented in time domain, and (d) integrated
autocorrelation in time and frequency domains
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Fig. 2. Interpolated autocorrelation.
{a) autocorrelation in time domain,
{b) autocorrelation in frequency domain,
{c) autocorrelation in frequency domain, which is
represented in time domain, and (d) interpolated
autocorrelation in frequency domain, which is
represented in time domain
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Table 1. Evaluation of G.729, YIN, TACF, FACF, and TFAC under background noise environments (GER-10%).

e . Lo - - - . - e . -
clean 40 | 12 1947 | 15 | 12 19731231 1 07 17621 18 | 86 |897] 15 | 21 | 963

0B | 44 | 13 1944 |16 | 12 197212351 07 | 758 18 | 96 (85| 16 | 22 | 962
babble 20dB) 66 | 15 | 919 | 24 | 13 1963264 07 | 729 24 {128 848 | 27 | 2.2 | 9.1
10dB [ 173 28 | 800 || 163 23 | 8141337 | 13 | 649 ) 64 {216 (719|106 28 | 866
0dB 440 | 103 | 457 | 353|117 | 530|441 | 73 | 4871218 1359|423 | 366 | 86 | 549
0dB | 41 | 12 | 947 | 15112 |973 (222 07 | 771 18 { 80 {901 15 | 22 | 963
volvo 0dB | 42 | 12 | 946 | 15 | 13 {972]182 | 08 [81.0] 21 | 68 |911 ] 14 | 22 | 964
16dB | 63 | 11 | 9364 27 | 16 | 957|116 15 89| 29 | 58 |814] 15 | 25 | 90
0dB | 165 | 12 | 833 (144 55 | 801|118} 86 [ 796 | 47 | 67 | 85| 42 | 55 | 903
0dB | 41 | 13 | 946 | 15 | 12 1973[232]1 07 | 761 ] 18 | 95 |87 16 | 22 |963
white 0dB ) 46 | 14 | 94019 | 13 1968 |245| 08 [747] 19 1123|881 1.7 1 24 |99
W0dB 1102 | 2.0 | 877 [ 120 ] 20 {89318 11 | 671 ] 21 | 206 |774] 26 | 3.6 | 938
OdB | 333 | 61 1607 | 258 1209 15331459 | 20 | 521 ] 30 {471 |4981 82 |161 |77
total average | 121 | 25 | 84 | 91 | 41 188|262 21 | 718 | 42 158 |80.0] 58 | 42 | 800

high= 9% ] having 84| it ARE L& Foh A T oA Age 7o g8 g9 G729, YIN

Qtehe gl Hlm HUtE f8te] 78 & Uy Bz TFACY Add 73 F&5&

A 934 FF i 672979 YINIG o] 4319l o2 AR ¥ 29 2 F 9 ZAY3I 9A FF
AEE A R FHET A HAs D F S Feay] Yt GER-5%E #3438 %dh ZE
FIYoA Atstd 27143 (TACF, FACF) %22} WAz @740 st TFACZ G729, YINS

o A713Ae AT WY (TFACH)S Hmgd F el vlg] $4¢ A%& verdvh 53], 10dBol &

HAE G729, YIN, TFACS A%S vlugt) A 4 of wiARS BAAAAE ARG 1" G729,

+ TFACS 27He A4 (IACFI, IACF2, IACF3)3 4 YIN 20 F359974 13| TFAC -t

= Hagth iAo vwd 2L FFT AFE

8% IACF39 45§ 34T

kH
N

03] diEEE oMl G729, YIN, TFACS|

R WA AYeld TFACE TACF FACFE 2% 45 87t (GER-5%)
< - . Table 2. Evaluation of G729, YIN, and TFAC under
o g M A7ty Suldade 74T oeE Zol . 3 )
| At FAFgeel A1 AelE ol background noise environments (GER-5%)

Aog 7)1E Wil G729, YING nid Axs ¥

TACF= 4 (D2 °18382 FACF= 4 Q5

[*]
=

. ‘_ . clean 92.3 85.7 954
£3t9em TFACE 4 ()3} 24 QoA 73 A7 30dB 018 36.1 95.2
2 4 32 olgsel ARHATL. NI FA2 2048 | 886 | 875 | 940
5 babble 0T 743 768 84,5
ZE W og (G729, YIN, TACFIIAE too low error B 37'2 43'5 47'5
(doubling “I&le] )7} Bo] wARIATH o]sh wi) 2B 1T 525 | &8 | 564
2 FusddeA HXE FE Yo FACFIA volvo  |_20dB 92.2 86.7 95.4
+ too high error (having o2 W$)7} o] dA 10dB | 913 89.4 94.9
L o sel s 2 ol o - 0dB | 811 765 88.1
2 WS 283 TFACE too low error®} too high error e |20dB | 907 88.2 94.9
% ZolE AL el 8 % glr) E§ TFAC Wo] = v 0B | 820 | 828 | 924

} i . 0B | 506 485 711
= AL [
= WSl diete] GTORE 53k, 10 olste] total average 81.3 78.7 38.0

AR &) tieto] YINEY S48 452 ehad),
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Table 3. Evaluation of TFAC, IACF1, IACF2 and IACF3

under background noise environments
(GER-10%).

clean 96.3 97.7 97.8 97.8
30dB 96.2 97.6 977 97.7

bahble 20dB 9.1 96.5 96.6 96.6
10dB 86.6 88.1 88.0 88.0

0dB 54.9 55.8 55.7 55.7

30dB 96.3 97.7 979 97.9

volvo 20dB 96.4 97.7 979 97.9
10dB 96.0 97.0 975 974

0dB 90.3 87.3 91.7 91.6

30dB 96.3 97.7 97.8 978

white 20dB 95.9 974 975 975
10dB 93.8 95.8 96.0 96.0

0dB 75.7 85.2 85.2 85.7

total average 90.0 91.7 92.1 92.1

GER 10%°14 YIN9] ZSE& G792 £& A%

< YeEdglz 9% TFACRT £& A% <& g
u%?i%lﬂ&, A JAFE AT HUAEe
S AT F Uk
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< TFACY ®l3} A5o] == AE
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A 27} splined} MRS AL3 Azt e W
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Table 4. Evaluation of TFAC-2048, IACF3-512 and

IACF-256 under background- noise environments
(GER-10%) and processing time (sec).

Clean 978 | 978 | 917
30dB | 977 | 977 | 975
20dB | 95 | 965 | 962
babble 108 1 879 | 878 | %69
0dB | 556 | 555 | 548
0aB | 978 | 918 | 917
0dB | 979 | 979 | 978
volvo o | 974 974 974
0dB | 916 | 916 | 912
0dB | 978 | 978 | 976
. 20dB | 975 | 975 | 973
white ™ 0dp T 960 | %9 | 938
0B | 87 | 84 | %2
total average 92.1 92.1 91.8
time (sec) 1404 | 188 147
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IACF3A256£ Z+7} FACFS) FFT A$E 512, 25622
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FFT A4 2 d3ted oF 1404x 9 HgAjze] EQ
). IACF3-5129 IACF3-2%6& £°1E FFT A2
Qo] FFT Alitzt FACFE Axtaol AA 7E3)d]

o 61—

O A~

747t o 188%, 1472 A= Azl Fasih
Y AFRGE AEAR e AVOEE 34
# 458 9L vk



20104 98 MABS3 =8 M 47 H SP EH A 5 =

v.Z &8

B EpoA A gneEe A F3ed
ol A71gRe WAl Aets Bolth Az
F514949) xww% sabel 914 doubling ¥

9 having SlelE AMAL & ok AW A F
S EEEIEE RS u%—u}fr—t— W&} FFT
= e Basol A2 den & ud

R

S

ax NeEso A=
gl 93 %2 SNR (Signal to Noise Ratio)ol A A
ol $-FetA RatH, 53] w4 3He-<] babble noisest
7€ non-stationary noiset! A% A%Fo] ¢34 %
aheh whaba], gkfe = e SNR# non-stationary Hi
A dg A7t 218 sHojok & Aot

A
%

(1]

>

=24, vol. 10, no. 1, pp. 271-274, 1997.
Y. J. Kim and J. H Chung, “Pitch synchronous
cepstrum for robust speaker recognition over
telephone channels,” IET Electronics letters, vol.
40, no. 3, pp. 207-209, 2004.

H. Singer and S. Sagayama, “Pitch dependent
phone modelling for HMM based speech
recognition,” in Proc IEEE Int. Corf. Acoustics,
Speech, Signal Processing, vol. 1, pp. 273-276,
1992,

S. -P. Heo, M. Suzuki, A. Ito, and S, Makino,
“An effective music information retrieval method
using three-dimensional continuous DP,” IEEE
Trans. MULTIMEDIA, vol. 8, no. 3, pp. 633-639,
A6

J-S. R Jang and H -R. Lee, “A general
framework of progressive filtering and its
application to Query by Singing/Humming,”
IEEE Trans. Audio, Speech, Language process.,

(3]

4]

(5]

(596)

107

vol. 16, no. 2, pp. 350-358, 2008.

MEE SAY ‘el A5 tF A FE:
7)) EHZFWXF‘?’@J A3 A, vol. 37, no.
1, pp. 63-72, 2010,

ITU-T Recommendation G729, Coding of
Speech at 8 kbit/s using Conjugate-Structure

Algebraic-

Code-Excited Linear-Prediction (CS-ACELP).

M. Antonelli and A. Rizzi, “A Correntropy-hased
voice to MIDL transcription algorithm,” in Proc

IEEE int Multimedia Signal Processing
Workshop, pp. 978-983, 2008.

Y. D. Cho, M. Y. Kim, and S. R Kim, “A
spectrally mixed excitation (SMX) vocoder with

robust parameter determination,” in Proc IEEE

Int. Conf Acoustics, Speech, Signal Processing,

vol. 2, pp. 601-604, 1998.

6]

7

(8]

9

[10] 3l 78, “fAS9 Zodd 9XHE” o
st AkFets] sheds] =4, vol. 9, no. 1, op.
491-494, 199%6.

[111A. de Cheveigné and H. Kawahara, “YIN, a
fundamental frequency estimation for speech and
music,” J. Acoust. Soc. Amer., vol. 111, no. 4,
pp. 1817-1930, 2002.

[12]1 A. Klapuri, “Multipitch analysis of polyphonic
music and speech signals using an auditory
model,” IEEE Trans. Audio, Speech, Language
Process., vol. 16, no. 2, pp. 255-266, 2008.

[13) A. M. Noll, “Cepstrum pitch determination,” J.
Acoust. Soc. Amer., vol. 44, no. 6, pp. 1585-1968,
1968.

[14] C. DeBoor, “A Practical Guide to Splines®,
York: Springer-Verlag, 1978.

[15]].-S. R. Jang, “QBSH: A Corpus for designing
QBSH (query by singing/humming) systems”,
Available at the “QBSH Corpus for Query by
Singing/Humming” Link of the “Corpus page” at
the organizer's homepage. [Onlinel. Available:
http://www.cs.nthu.edu.tw/ ~jang

New



108 MY ZZHHE 0|88 N7t Fois ZHIAMY LX FF UY

2 7l BEARR)
20094 A% o) 8
ARBNFGT b TG
20006 ~ A4 AFoheta
ARFNFRT 497
<FaAR : HAAY, Y
3, SRR AA>

of 4 H(A34H)
19903 <A A oh 3 =
A71E8 A 24
A th S

A7l HA E4
dAsta A7 Az

‘ T8 HAL 24
19974 ~2002'd h¢AR YA +4 Add+4
2002 ~ @A KETI A €w]t]o]dT4lE
AE

Ok HAEREFFTNFHAI2H,

1992

1997

A/NV

A XA

(597)

#4I1E 9

7H
] gt M F(H3IHYD)
19973 A Edisn
AAFH AL £
19973 ~1999 A=A}
A4ATA d34
2000 ~2002'3 YXdaAA 4
AdA+4
2002 ~20043 LSI Logic Korea A9 da74
20043 ~d A KETI vAgdvjc]jojdF4H
AY AT4¢
<F#BA Eol : OANIWEEANGHFA 2,
A& A >

4 F @AY AA] A

19933@ A st

AxEs T AL &Y

A A o &t

; AAFEH AL &9

SR 1995920008 BEEEA €

i kY /—‘(i%od_—?l_%

20013 ~2004d Royal Institute of Technology
(KTH, 2=49) Dept. Signals, Sensors,
Systems, B} k

2004\ ~20053 Royal Institute of Technology
(KTH, 24 9) Dept. Signals, Sensors,
Systems, PostDoc

20053 ~2006'3 Ericsson Research (2=¢)dl)
Senior Research Engineer

2006~ A MEdsge FRFNFTH Zus

<F@AARoL : /Y e/MYL AT A, H

HQl2, HHo|E>

1995



