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Musical Beat-Tracking for Robots and Its Application to A Music Robot

Kazumasa Murata*!, Kazuhiro Nakadai*!*?, Ryu Takeda*3,

Hiroshi G. Okuno*?, Yuji Hasegawa*? and Hiroshi Tsujino*

2

Human-robot interaction through music in real environments is essential for robots, because such a robot makes

people enjoyable. To deal with real music signals by using robot’s own ears, we propose a beat-tracking algorithm

for a robot based on semi-blind independent component analysis (SB-ICA) and spectro-temporal pattern matching

(STPM). SB-ICA suppresses a self-generating sound such as singing or scatting which heavily affects beat-tracking

due to its periodicity. STPM provides quick adaptation to beat changes because it is able to use a shorter matching

window than conventional beat-tracking methods based on self-correlation functions. We thus developed a music

robot which steps, sings, and scats according to musical beats based on the proposed beat-tracking method. The

experimental results using the music robot showed highly noise-robust beat-tracking even when the robot was singing

or scatting, and quick adaptation to beat changes like a human clapping sound whose tempo is always changing.

Key Words: Beat Tracking, Music Robot, Human-robot Interaction, Noise Robustness, Robot Audition
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Algorithm 3.1: ESTBEATINTERVAL(/1, I2)
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Algorithm 3.2: ESTBEATTIME(¢, T'(n), S(t), 1(t))

procedure SEARCHPEAKS(S(t), ¢, tr, Nmaxz)
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Ny is the size of the array.
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RELZE— 1 NT v X v 7oA - AR RS %
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WIZES N ID % % — & L THIER T — 5 N— 20 5
FE L SRS 2 US4, i ID %% unknown O¥AI2I,
WIBEITH) LI TERWZY, RbYIZ, OFEAETH &
I Er A TRy MIBIERIC T S,

4.4 0OKy MEIEER

oKy MHBIEBIZY TVI A AE—F T v A —IC Lo TR
a7z — MR L U MHIRE, EREEERIC Lo TR
7oiiEHE VT, U= MESNCFEB L CORER A, &8, O
EHREFT).

4.4.1 TRy hO%FH

oKy e, WG, O7SA, EEAEZHE-oTHS
BB RE D TE AT > ¥~ 121d VOCALOID2[6] % Hiv 72,
VOCALOID2 1%, MIDI 23k 452 & T, BERFOEER, &
B, BERFANTLILZWREICLTBY, 50 FEHRY
HWCHRLRTE 2K T 2 TS, ERICIE, HICH
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HILTHER ) 2N TEL LI, MIHFRRETHONLE
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L7tk WEEHT Y AL Tw5, O33R, B
MEGNZAEDET [TA] (b tOTSEEETCHL. U—
NN ADLETHRICHI A2 L) OF G201 [TA]
R [Hel OFFLE- MNEAORMDS 4 IV IHREETH
b, ZZT[TAL (bl oLzt vy NGRS T
VOXBEDOEFHEO Y =2 % [TA] [be] O — M LT
5., COEHEETTOE— MEGE, FTROV - EAZEDET
BETLH, aRy PORBAMIELTIE, RO L Y-
MEEZ), Y— MEBEHWZ/#E 2 70— Foxy ZHZ HwT
I L 72 [17].

4.4.2 ¥ — NEZITH

YT NVEALE=F Ty h—8TIix, F T4
RECH D75, —EORENFET L. FAEIEE, X (10) TR
TV — MEEEMEEE O & Algorithm 3.2 12773 ¥ — M
HEETHD, 7L—4t OY— LB S(t) 2 EHT 21
IZIE, TRTCO L DD T TCREOLEND S, 1, ORKHEIL,
t+max(I(t;)) THESIND. I(t;) ORKAMEE, 7T X4
60 MM IHIET 57 L—28TH o726, NCC DEEL
MU 1[s] &£%b. E— MREEBHEETIE, t =T (n)+3/41() O
oY — 273z, T(n)+3/21(t) £ TE— MELMSHEE DY
BETHb, 0Fh, JL—At OE— MERHEEESELNT
M5, 3/41(t) ROV ENSH D, TORKMEIE, 0.75[s] T
H5. 72, SB-ICA TM 7L —24%, Sobel 74 V& T1 7
L— L ORENSELCEZD, VTNVIALE—NNT v —
T 2[s] OMF ONAVBENFAET S, E512, OFy
MR T, FIBERGRAY 0.3 [s] OBIEDSTET 5720
BEITH 2.3[s) OBENFELET L. DD, VTVI A AT
WOEHREE EH T 5 I121F, ZORBEIIHT S Y — FEEITR
VETH A, AFETIE, HMcT oy BreibETso LT, ¥—
AT E EBT A, BAMIZIE, T(n) 2710 —4t T
WCHEE SN2 bORIOY — MG L L&, 7L—L4 ¢
VRO - MEAIHISTETL =209 Bigd ¢t 1TEWV
TL—AT ZUTOLHIERT 5.

K MW i

Music on
id:#11  90bpm

Music on

a) Music #11 is played.

Music on
id:#62 81bpm

e) Music #62 is played.

(#62 is not in the music DB.)  but music identification failed.

b) Music is successfully identified. c¢) Singing and stepping started

By 1

A
T‘{nm+mm
Timp = T(n) + Inn(t) + (t — T(n))
—{(t—=T(n)) mod I.(t)}

B, BREAMEICEL TIE, EEAREL2GRETCE 20w
EMD, FHIBEREEX HW 20D IZ, Al X ) ICHER T 1 —
Koy 7§l % VT W 5,

5. &F il

R L -5 8a Ry OEEH % Fig. 3 1IR7. IEHO A
E—Ab, B (L YA MVAYIL) DN, TRy MER
<AV DAANPSFOFEDOY — TS RELAZE—
S HETENE, E— MIADE TREAZITWE
Mo, WEEIT) (Fig.3a)~d)). HETERWEHAEE, OF
SAHEFRENIITS (Fig.3e)~h)). ZOHEETRy For—
NNT v F Y TEREELTO XD IZEH L /2.

EE1 Y—FFT XU roERMEE

K2 T VRO BHEHEE

EB3 U—FFHlo ) 4 XN b EE
FEE 1 ORI T— 5 £ LT, Mo CD O X 9 12hk4 5
HEWFEEEATYDS RWC H%7— % X—ZX (RWC-MDB-
P-2001) [3] DRYE 27 —FHA 100 Mz FH L. Zheho
Hilx, EffY— MEREHRICST 5720, MIDI 7—% %
MW THEK Lz 72720, MIDI 7—% o5, HSohizy—
FESIOFM D7D DHRIZH, E—F T v X2 ZERICIZH
Wb ok Lz ZioRE 30~90 B F To 60 F5 R % 5T
F—& L LTH, REFELE ACHBBEEN—-2DFH(17]
TE— MERIEMRE (rpme) ZME L. ©— MERIEEED
BT, HEE Y — MY L IEE Y — MERIOEDS £ 100 [ms)]
DI E 5 TWBHAIEZI Lzb 0k Lz, Zofbid, =
DOEDIYSL LAY ¥ 4 327D £100 ms] LAOHE, —>
DEIHEEND &) FEHAMEMROME [13] £ ZE L Tk
EL7z. BARNRERTY TRIORT.

Ne
re= 3. % 100. (13)

Y Music on
- &Ly .tn 90bpm

BHIL OB = - B K A

if Tomp > 3Im(t) +1t

otherwise.
(12)

BElc~ ) B

d) It continues until music stopped.

Music on
id:#62  81bpm

) Tempo is successfully estimated, ~g) Scatting and stepping started h) It continues until music stopped.

Fig.3 Snapshots of music robot behavior
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%8B, No FHEERE— ML Ny IBHE—- M RETH 5.

F2Ex 2 FHOFHI 7T — % £ LT RWC-MDB-P-2001 %5 4%
o 3 ihiERY, 7R bR GEOEETEE T EER L2,
BAKE9IZ1E, No. 11, No. 18, No. 62 Z#R L (7 Riz+h2
90, 112, 81 [M.M.]), 215 % No.18-No.11-No.18-No.62
DIEIZ 60 B FOIXEI Y TR B Z & TA5DFEES #IEK
L7z, COFiT—% #HWT 5 MEOIRETHOE— P FT v
F VOB AR REFE L HOHBEREEAN— ZAOFFETEHIL
7. E=bMNT v XU TOBRIZERIZT VERDPELLTHS
VAT ANT VREEMT A T TORM LTS, 5D
I 5 2 FEIE ASIMO OEF% off I L CTIHT EAEITo 7285
G LT Leh ol E, o 3 1EEHIE ASIMO OEJE% on 12
LTREAZ LEMNSOT EARETo 1206, fibhrolz
& HolBmETHD.

FE 3 HHOFHT— % &£ L, RWC-MDB-P-2001 ¢ No. 62
®» MIDI 7 —% # W CHER L 727 v R—EO M % iz 7
2L, FEBr1 LEBE MIDI 07— % 13¥ — I OBEED A
WHWS, 5 MO ) b 3 FEHIE ASIMO OEEZ Y] - 72k kE
T, 1HEIIOFSALZ LTHERESETIH D 0, o 2 fE
ZEBIIOTERD Y 720, HORAESHHIOFEIEVHYDH
%, Mo 2 FEFHIZ ASIMO OBJFE ANERAL LS 07
EAREATH> TV BIRETHOEFR BRI 21T 7256 £ 1Tb %

Dol ETH A, FMIGEIZIE, E— FFHEIE (rrmp)
(3 YA
N,
rp = F" x 100. (14)

B, N, 3FHEIE -, N, BERY— MefcdH 5.
EET VTN O ERERM 0.2 8 (RTw), 4[m]x 7[m] DI
BT, HEATRIZIZAY -4 (GENELEC 1029A) % F
Wi IRy A=A OFlE 1.5 [m] THD.

5.1 EEER

FEE 1 OfER % Fig. 4 [T FRIE, ADthor o Ris
T, 60 [bpm]~10 [bpm] D#EPAZTLIZ2 T A5 ) ¥ 7 x24T,
ZHEEHZ LY — B IEERE & Uz M, 25
ALY ¥ T HATo T YREH AR LTV, R d 5 HiE o
LD — MRHIEMZREZRL TS, Jh5, 12IE §XTCOT
VR T, REEMENTHDL D9 h 5. Fiz, T URY
BCIBE, fEkEE REEE IS, E— MRIBIEMEOK T AR
bNna. U, 7Y ROEVINE, FZa%ET7 VRO
LR DEBHP LR NERTH -T2 TH L, THIH LT,

799

KT L% DT v RIIBPES 255058 F 5 110 [bpm] LI
rFolTiE, BiFs Y- MEBERREIE STV,

FBR 2 DR LM BIT 2 BIETH % Table 1 1IR"T. £
7z, Fig.5 & ASIMO &iliAH® OFF D4 OHEERERBITDH 5.
WUT, REFFIMERFFIIANT ¥ RENAOBIGATH
Z &%, Table 1 TlE, EFEINERFTHRLI YV OTIH
D VAT 10 BRE, oA, 20 FBREEBHESEHRT
HHIEDNSHE. F72, Fig.5 D 100 K { T¥—F T v
FUTPHENTVDLDIEL, ¥— MEEINSF Uy PR
HEEM T — F I —BEICHEE L TV A5 Thb. DDk
EFETIE RIS, ERTETIIRIICE > TREPRELE
275, RETFEEZHOAFTEORy ML, X MR HEE
FHLTBY, E— B TERWXEIZIEEREXBETH A
CHIEESN D20, FHEOKRy PTIX, 2O &) RGO
34 7%,

FEEr 3 OfiR % Table 2 127”7, “Correct” 1ZE—F bT v
FUYTVATANIELVWE = (FE) 2 FHILAEERL
“Up-Beat Error” |&f:# 2 TEMEZ FHIL2FEE2RT. Zhid
HORFEDRZFORMEDDICY— b Sy 0 78S
H2TwsZE, BIUHTEFAEIHAZ D Lz, 4 X12%)
BANEH L 2 EERLTWS,

100
90
80
701
60
50
40
30
20
10

0

m self correlation
m STPM (proposed)

S Q N
O
B S N >

tempo [bpm] X

correct beat estimation re [%]

Fig.4 Performance of beat-tracking

Table 1 Tracking delay for tempo changes [s]

ASIMO power off ASIMO power on
(with stepping)
w/o w/ w/o w/ w/
scatting | scatting | scatting | scatting | singing
STPM 1.31 1.31 1.29 1.29 1.29
Self-correlation | 11.24 29.91 14.66 20.43 N/A

=
2
A A
£ 80 : -
= — Estimated Tempo (STPM) :

70 -| = Estimated Tempo (self-correlation based) .

— Actual Tempo (ground truth) ;
60 0 60 120 180 240
Time [s]

Fig.5 Result of using music of tempo chage
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Table 2 Beat prediction success rate rp [%]

ASIMO power off ASIMO power on

(with step)

w/o w/ scatting w/ scatting
scatting| w/ w/o w/ w/o
self-voice|self-voice|self-voice|self-voice
cancel cancel cancel cancel
Correct 73% 76% 54% % 54%
Up-Beat Error| 3% 1% 22% 2% 28%

6. 8 b W

AN-BKy NEEAF S ayOEBRZHIELT, MY
WX A TN MEE, 7 U RIS B EEGENE: F #
272, STPM VT NLVF A LE—FNT v F L THRIBELT.
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B S 2720128 3 79 4 » FICA 12 X 5 HOSEHEHH % BF
CEALL., 5612, WELTF% Honda ASIMO (2528
L, Ry MEER~A 7 2HCTNELAEESLS ) TIVE A
ATE—=bEMILL, 20— MERICEDE, E¥A, OF
K, WBEITH)BERORY P EMEL, WHETONA MEE
T VRBALICHR T A mEBE A AL 2. o Ry OB
mEAL, TRy bOHACEFET DS O A CEAEE RPREME O
T, S TR OB AR &, EHNLEHET Ry b
DOFEHRIIE, BEIEINTCWS. LaL, ZhET, OokRy
FIEFTIE, BRY FOFRAWTEHEREY GO EEES v Ul
T HMFEDRERILEC, FRERLUHEOSETFTIE, 2Ry O
L) B R AR TV v R Y T —
ANHKT BN L oz, T LBHEI Ry hOFEHE
HigL7-Wkgeid, BiC7 ) r—2a v e85 47215Tldn
{, TRMEHUHE O RT 1 7 ARG L7 F 72 7o
Bl 2SRECE X 9.
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