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TOM TAT: Tim tin sé co ban ciia tin hiéu la bai todn can thiét trong xit Iy tin hiéu dm thanh, ddc biét la xit Iy tin hiéu dm nhac. Bai
béo nay thuc hién viéc cai dat thudt todan tim tan s6 co ban cua tin hiéu dan ghi-ta ding ham ty twong quan trén vi xie Iy Arm
Cortex-M4. Pé lam tang do chinh xdc cua thudt todn, bo loc Gaussian va ham ndi suy cubic spline dwoc sir dung. Cac thur nghiém
Véi tin hiéu cia sdu ddy dan ghi-ta cho thdy sai s6 trung binh ciia thudt todn ham tw twong quan ¢6 va khéng dimg néi suy cubic
spline so véi thudt todn RAPT lan lwot la 1,0147Hz va 1,1199 Hz. Két qua thuc nghiém ciing cho thay tan sé co ban can tinh cang
cao thi viéc diing ngi suy cubic spline c6 tac dung giam sai sé cang lén.

Tir khéa: Ham ti twong quan, tan s6 co ban, vi xit Iy Arm Cortex-M4, néi suy cubic spline, dan ghi-ta.

I. PAT VAN PE

Tén sb co ban (con goi 1a FO hodc cao d9) cua mét tin hi¢u tudn hoan bing nghich ddo cua chu ky tin hiéu d6
[1]. Chu ky dugc x4c dinh bang khoang thoi gian ngin nhit ma tin hiéu 1ap lai trén micn thoi gian. Déi vai tin hidu dan
ghi-ta, mdi ndt riéng 1é c6 mot cao do xéac dinh, twong ng voi tan sb co ban cua nét d6. Pé cing chinh day dan ghi-ta
cho dung, ta dung mot thiét bj dé do tan sb cua day dan (goi 1a tuner) [2]. Cac thiét bi nay dugc cai dat mot thuat toan
nao d6 dé tim cao do cua tin hiéu dwa vao va hién thi 1én man hinh. Trong bai bdo nay, chiing t6i cai dat thuat toan tim
cao d¢ cua tin hiéu dan ghi-ta trén ho vi xir Iy Arm Cortex-M4 dua trén ham ty twong quan (autocorrelation).

Thuat toan tim cao d¢ cda tin hiéu dung ham tu twvong quan 1a mdt trong nhitng thuat toan thong dung, st dung
mién thoi gian dé tim ra chu ky cia tin hiéu [1]. Thuat toan nay tim gia tri 16n nhit cia ham ty twong quan trén mot
mAu tin hién xac dinh. Pbi vai xir 1y tin hiéu dan ghi-ta dung thuat toan trén thi c6 hai vin dé can khac phuc. Mot 1a,
gié tri ciia cao do co thé sai 1éch di n 1dn v6i n nguyén duwong va n>1. Hai 13, khi tin hiéu vao c6 tan s6 co ban cang cao
thi dg chinh xac cta thuat toan cang giam.

Dé giai quyét Van dé thi nhit, chung t6i sir dung bg loc Gaussian, Bg loc ¢6 tac dung lam giam bién d¢ cua tin
hiéu & canh cua ctra s, tir d6 giam duoc 16i cao do ao. Dé giai quyét van thir hai, ching t6i ding ham néi suy cubic
spline dé ting do chinh xéc cua thuat toan [3].

Tiép theo bai bao c6 bd cuc nhu sau. Phan |l trinh bay téng quan vé so d6 nguyén 1y phan ctng, so dd khdi phan
mém, nhitng van dé phat sinh va dé xuat cac giai phap khic phuc. Phan |11 trinh bay ham ndi suy cubic spline va giai
phap giam thoi gian tinh toan trén vi xir Iy. Phan IV 14 cac két qua thir nghiém thiét bi véi tin hiéu dan ghi-ta. Cudi
cling Phan V trinh bay két luan.

IL. TIM CAO PQ CUA TIN HIEU PAN GHI-TA DUNG HAM TU TUONG QUAN
A. Cai ddt phan cirng
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Wolfzon Audio Card Arm Conex-h Processor
Hinh 1. So d nguyén Iy phan ctmg cua thiét bi tim cao d6 tin hiéu dan ghi-ta

Vi xir Iy Arm Cortex-M4 1 dong vi xir Iy da dung véi mire tiéu thu cong suét thip, c6 wu diém hd trg xi 1y tin
hiéu theo thoi gian thuc [4]. Tin hiéu dan ghi-ta dugc dua vao vi xir Iy Arm Cortex-M4 thdng qua bo chuyén doi tuwong
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tu-sd (viét tit 1a ADC) trén mach Wolfson Audio Qard. Cao d6 cua tin hiéu dugc tinh bang thuat toan dung ham tu
twong quan dugc cai dat trén vi diéu khién sau d6 hién thi ra man hinh LCD (Hinh 1).

B. So do khoi thudt todn
So d6 khdi thuat toan tim cao do tin hiéu dan ghi-ta dugc trinh bay trén Hinh 2.
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Hinh 2. So db khéi thuit toan tim cao do tin hidu dan ghi-ta

C. Cai ddt vi xir Iy Arm-Cortex M4 giao tiép véi Wolfson Audio Card

Vi xir Iy Arm-Cortex M4 diéu khién mach Wolfson Audio Card thong qua giao thirc 12C va truyén tin hiéu 4m
thanh théng qua giao thirc 12S. Trong bai bao nay, chiing t6i cai dit ADC ctia Wolfson Audio Card 1y miu véi tin sb
48 kHz va d6 phan giai ciia m&i miu 13 16 bit. Mau tin hiéu dugc truyén sang vi xtr 1y s& goi dén mot ham ngit, dir liéu
s& dugc dua vao bd dém (buffer). Khi by dém day s& bat dau xr 1y. Sau khi xtr Iy xong s& tiép tuc 14y mau. Qua trinh
nay duoc minh hoa trén Hinh 3.
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Hinh 3. So db khéi 14y mu va xtr 1y tin hiéu

D. Thudt todn tim cao dp ciia tin hi¢u dung ham ty twong quan
Ham ty tuong quan cua tin hi¢u roi rac dugc dinh nghia nhu sau:
_ VW
(1) = j=t+1 X Xj+s 1)

trong d6 x; 1a tin hiéu tai thoi diém j, 7,(7) 1a ham tu twong quan véi d6 tré (lag) T duoc tinh tai thoi diémt, va W 1a do
dai cua ctra s tin hiéu [1]. Hinh 4 thé hién mot vi du vé tin hiéu va ham ty tuong quan cta né.
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Hinh 4. Tin hiéu (a) vd Ham tu tuong quan cta no (b)
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Néu tin hiéu la tuan hoan thi ham ty twong quan s& cho ra cac dinh tai nhitng thoi diém 12 boi s6 cua chu ky tin
hiéu. Phuong thic tim cao d6 dung ham tu twong quan chon ra mét dinh cao nhit véi do tré T > 0 bang cach xét hét
toan bo céac gia tri cua do tré. Bé tranh chon nham dinh cuc dai gan vi tri 7 = 0, can phai gi6i han do tré nho nhat va
I6n nhat c6 thé xét. DI vai tin hiéu dan ghi-ta thi tan s6 cia cac ndt nam trong khoang tir 82,41 Hz (day sé 6) dén
659,26 Hz (day 1, ngan 12) nén giGi han ciia d6 tré sé tir 1,5 ms dén 12 ms.

Cong thirc tinh cao do (hay tan sb co ban) caa tin hiéu:

Fo =2, )

Tmax

trong d6 FO 1a tan s co ban cua tin hi¢u, Fs 12 tin s6 lay mau VA 7,4, 12 do tré ma tai d6 ham tu twong quan co gia tri
I&n nhét.

E. CAc vin dé phat sinh

1. L&i cao d¢ ao (virtual pich)
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Hinh 5. Ldi cao d6 4o trong thuat toan tim cao do ding ham tu tuong quan: (a) Tin hiéu. (b) Ham tu twong quan cua tin hiéu

L4i cao do 4o trong thuat toan tim cao do dung ham tu twong quan la 15i cuc dai ciia ham ty twong quan tai
nhitng diém c6 d6 tré la boi sb cua chu ky tin hiéu. Lai nay lam cho cao d6 tim dwoc thip hon cao dé thuc sy cua tin
hiéu n 1an véi n>1 va n 1a sé nguyén. Hinh 5 minh hoa mot vi du 13i cao d6 4o, trong d6 do tré tng voi gia tri cuc dai
cua ham ty tuong quan tim duoc tai T = 679 (tng véi cao d6 40) nhung gia tri do tré ng véi cao do thuc sy la
T = 227 (nghia 1a n=3 trong vi du nay). Gié tri cua ham ty twong quan (ng vai 2 do tré nay xap xi nhau (bang 0,21),
dan dén sy nhap nhang khi x4c dinh tan sb co ban thuc sy cua tin hiéu.

2. Do chinh xac thuat toan giam khi tan sé co ban ting

VI Tpax 12 S0 nguyén duong, tir cong thirc (2) cho thdy tin sd cua tin hiéu s& khong lién tuc ma tan sb tim duoc
giita 2 do tré ké nhau c6 mot khoang cach. Tan sb tin hiéu vao cang 16n thi khoang cach nay cang 1on. Vi vay khi tin
hiéu vao c6 tan sb cang cao thi d6 chinh x4c thuit toan cang giam. Diéu ndy dugc minh hoa & Hinh 6. Gia st tan s6 lay
mAu 14 48 kHz, tan sb cua tin hiéu 1a 196,00 Hz (ghi-ta day 3) va 659,26 Hz (ghi-ta ddy 1 ngin 12), ta c6 d thi cia tan
s6 thu dugc theo do tré nhu sau:
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Hinh 6. Db thi tin s6 tin hiéu (FO) tinh toan theo do tré vai tan s 1y mau 48 kHz va tin sb cua tin hiéu 1a 196,00 Hz (a)
va 659,26 Hz (b)
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Theo Hinh 6a, tan s6 FO tinh dwoc ¢ thé dat dugc xap xi 196,00 Hz tai 195,92 Hz (r=245) hoic 196,72 Hz
(t=244). Tuy nhién, theo Hinh 6b, tan s6 FO tinh dugc khong thé dat dwoc xap xi 659,26 Hz ma chi ¢6 thé 1a 657,53 Hz
(t=73) hoic 666,66 Hz (t=72).

F. Cic gidi phdp dé xudt va két qui

1. B0 loc Gaussian dé loai 16i cao d6 o

bé giam 13i cao d9 ao, chung toi str dung bd loc Gaussian. B9 loc Gaussian c6 tac dung lam giam dan bién do
ctia tin hiéu tir dau dén cudi cira s tin hiéu, tir d6 giam dugc 131 cao do do. Hinh 7 minh hoa viéc khic phuc 18i cao do
a0 cua vi du trong Hinh 5, trong d6 gia tri cia ham ty twong quan tim dwoc tai 7 = 679 (&tng vdi cao do ao) la 0,35,
thip hon nhiéu so véi gié tri ciia ham ty tuong quan tai do tré tng véi cao d6 thuc su 7 = 227 14 0,55.
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Hinh 7. Khic phuyc 1i cao d 40 bang b6 loc Gaussian: (a) Tin hiéu, (b) Ham ty trong quan cua tin hiéu

2. Noi suy cubic spline dé ting d¢ chinh xéc ciia cao do

Dé c6 thé tinh duoc FO chinh xac hon, ham ndi suy cubic spline duoc sir dung. Tt két qQUa Ty tim duoc ban
dau, ta noi suy duong cong di qua nhirng nhimg diém xung quanh (T;ay R(Timax)), dé tlm mot diém cuc dai méi. Diém
cuc dai méi nay c6 do tré khdng phai la s6 nguyén, tir d6 khoang cach giira cac tan sb tim duoc ciing giam di va lam
cho @6 chinh xac thuét toan ting 1én.
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Hinh 8. Db thi duong cong ndi suy tir 5 diém xung quanh 7,4, = 73 ban dau

Hinh 8 minh hoa cung mét vi du nhu trong Hinh 6b. Gia tri cuc dai méi ctia ham tuwong quan la 0,6383 tai
Tmax = 72,7, 1 6 tinh ra dugc

= 48000 = 660,25 Hz.
72,7 ’
Néu khong dung noi suy, T,,q, = 73, thi
= 48000 = 657,53 Hz.
73,0 ’

Vay do chinh xé4c ciia FO dugc cai thién xap xi 3 Hz trong truong hop nay.
III. CAI PAT THUAT TOAN NQI SUY CUBIC SPLINE TREN VI XU LY

A. Thugt toan ngi suy cubic spline

Khéc véi noi suy da thie sir dung mot cong thirc dé tinh toan toan bo cac diém, noi suy spline st dung nhidu
cdng thirc. Moi cdng thirc 1a mot da thire bac thap di qua tat ca cac diém noi suy. Ham nhu vay duoc goi la ham spline.
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Noi suy spline dugc sir dung rong rdi hon ndi suy da thirc vi dd chinh xac cao hon mic du da thirc ndi suy c6 bac nho.
Noi suy cubic spline la ndi suy spline sir dung da thirc bac 3 (cubic) [3].

Gia sir ham f xac dinh trén [a, b], ta ldy n+1 mau caa ham, chia thanh n mién:

x0< x1<x2<.--

<x] <x]’+1 <...

< Xy

va ham S;(x) la ham néi suy cubic spline trén doan [S;, S;.1]. Ham hoi suy spline thoa mén cac rang bugc sau:

1 Si(xj+1) = Sj+1(xi+1)
2. 8'i(x541) = S"j41(%541)
3. S”j(xjﬂ) = S”j+1(xj+1)
4. S"(xg) = S"(x) = 0

Véij=0n—1
Véij=0n—-1
Véij=0,n—1
(ndi suy spline tu nhién)

Cong thirc tong quét cua nodi suy cubic spline nhu sau:

S;(x) = a; + bj(x — x;) + ¢;(x —x))* + dj(x — x;)3 voi j = 0,n — 1.

Dit hj = Xj+1 _Xj Voi ] =0,n—-1.

@)

Tir cac cong thirc trén, ta cd cong thirc tinh cac hé s cua ham noi suy nhu sau:

a; = f(xj)
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d. = Cj+17¢
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B. Cai dgt ngi suy cubic spline trén vi xa ly

()

Phan I6n thoi gian cai dat thuat toan cubic spline 12 tinh toan hé sb ¢; theo cong thic (7), doi hoi tinh nghich dao
ctia ma tran & vé bén trai cua (7). Vi chi noi suy nhitng diém xung quanh (Tiax R (Timax)) NEN:

h]= x]-+1—x]-=1,V('Yij=O,n—1.

Codng thac (7) tro thanh:
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Ching ta cé thé tinh toan trude va luu ma tran nghich dao cia ma tran & vé bén trai cua (9) vao bo nhé cua vi xu
ly, tir @6 giam dang ké thoi gian tinh toan.

A. Di ligu mdu:

IV. KET QUA THUC NGHIEM

Dir liéu dung dé danh gia thuat toan Ia tin hiéu tir 6 day dan ghi-ta, ldy mau véi tan s6 44100Hz, d6 dai khoang

30 giay.
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B. So sanh hai thudt toan tw twong quan véi RAPT

RAPT [5] la mét trong nhitng thuat toan tinh tan s co ban chinh x&c nhét hién nay. Mac du duoc phat trién tir
nam 1995, thuat toan nay van thuong duoc sir dung nhu 1 tham chiéu dé danh gia so sanh cac thuét toan tinh tan s6 co
ban cua tin hiéu tiéng ndi va am nhac [1] [6]. Hinh 9 dén Hinh 14 thé hién két qua so sanh cua 3 thuat toan tim tan sb
co ban: RAPT, ham tu twong quan dung ndi suy cubic spline va khdng dung néi suy cubic spline. Tin hiéu co tan s6 co
ban giam dan, tir 329,63 Hz (day s6 1, Hinh 9) xudng dén 82,41 Hz (day s6 6, Hinh 14). C6 thé thay RAPT c6 d6 chinh
xé4c cao hon 2 thudt toan ding ham tu trong quan, va FO can tinh cang cao thi RAPT cang chinh xac hon 2 thuat toan
kia. Do d6, két qua tinh FO caa RAPT duoc dung lam tham chiéu dé tinh sai s trung binh cua 2 thuat todn tu twong

quan dung va khdng dung ndi suy cubic spline so véi thuat toan RAPT & phan tiép theo.
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Hinh 9. So sanh két qua cua 3 thut toan tim tan sd co ban, tin hiéu vao la day sb 1 dan ghi-ta (329,63 Hz)

e Ty romg quan SONgG NI suy cubic spine
e T WO QUAN KHENG BN N Sy CUbic SplnG

Hinh 10. So sanh két qua caa 3 thuat toan tim tan sé co ban, tin hiéu vao 1a day s6 2 dan ghi-ta (246,94 Hz)
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Hinh 11. So sanh két qua caa 3 thuat toan tim tan sé co ban, tin hiéu vao 1a day s6 3 dan ghi-ta (196,00 Hz)
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Hinh 12. So sanh két qua caa 3 thuat toan tim tan s6 co ban, tin higu vao 1a day s6 4 dan ghi-ta (146,83 Hz)
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Hinh 13. So sanh két qua cua 3 thuat toan tim tin sb co ban, tin hiéu vao I1a day s6 5 dan ghi-ta (110,00 Hz)
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Hinh 14. So sanh két qua caa 3 thuat toan tim tan sé co ban, tin hiéu vao la day sb 6 dan ghi-ta (82,41 Hz)

C. So sanh hai thugt toén tw twong quan véi nhau

Chung t6i da tién hanh thir nghiém thiét bi vai tin hiéu dan ghi-ta. D6 thi trong Hinh 15 thé hién sai sb trung
binh (Root mean square error - RMSE) cuia thuat toan tim cao d6 dung ham tu twong quan c6 va khong dung ham ndi
suy cubic spline so véi thuat toan RAPT cho day s6 1 dén day sé 6 (FO bién thién tir 329,63 Hz xubng 82,41 Hz). C6
thé thay FO can tinh cang cao thi viéc dung noi suy cubic spline ¢6 tc dung giam sai s6 cang Ién. Biéu nay khép voi
khao sat trong Phan I1.F.2. Khi khao sét tin hi¢u cua tat ca cac day dan, sai s6 trung binh cua thuat todn ty tuong quan
khdéng dung ham ngi suy 1a 1,1199 Hz va cua thuat todn c6 dung ham ndi suy 1a 1,0147 Hz.

Thuat toan tim cao d¢ cua tin hiéu ding ham tu twong quan 1a mot thuat toan thong dung va dé cai dat, tuy
nhién d6 chinh xac chwa cao. CAc két qua trén cho thay sai s6 trung binh cua thuat toan tu twong quan dung ngi suy
cubic spline thap hon so véi khi khdng ding ngi suy nhung van con khé 16n dbi vai thiét bi cing chinh day dan ghi-ta.
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Hinh 15. Sai s6 trung binh ciia hai thuat toan tu twong quan so véi RAPT cho day s6 1 dén dy sb 6 cia dan ghi-ta
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Bai b4o nay thyc hién viéc cai dat thuat toan tim tin sé co ban cua tin hiéu dan ghi-ta dung ham tu twong quan
trén vi xir Iy Arm Cortex-M4. Dé lam ting do chinh xac cua thuat toan, bo loc Gaussian va ham ni suy cubic spline
dugc sir dung. Cac thir nghiém vai tin hiéu cua sau day dan ghi-ta cho thay sai s6 trung binh cua thuat toan ding ham
tu tuong quan ¢ va khong dung ndi suy cubic spline so véi thuat toan RAPT lan luot 1a 1,0147 Hz va 1,1199 Hz. Tan
s6 co ban can tinh cang cao thi viéc dung ndi suy cubic spline c6 tac dung giam sai s6 cang 16n. Trong tuong lai ching
t6i s& thir nghiém céc thuat toan tinh tan sb co ban tién tién hon dé cai thién do chinh xéac cua thiét bi cang chinh day
dan ghi-ta.
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IMPROVING AUTOCORRELATION ALGORITHM FOR DETECTING FUNDAMENTAL
FREQUENCY OF GUITAR SIGNALS ON ARM CORTEX-M4 PROCESSOR

Nguyen Binh Thien, Ninh Khanh Duy

ABSTRACT: Detecting the fundamental frequency of signal is a common issue in audio signal processing, especially music
processing. This paper implements pitch detection algorithm for guitar signals using autocorrelation function on Arm Cortex-M4
processor. To increase the accuracy of the algorithm, Gaussian filter and cubic spline interpolation were used. Experiments on
guitar signals shows that the root mean square errors of the autocorrelation algorithms with and without using cubic spline
interpolation compared to the RAPT algorithm are 1.0147 Hz and 1.1199 Hz, respectively. Experimetal results also exhibit that the
use of cubic spline interpolation has more effectiveness when the estimated fundamental frequency is higher.



