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Abstract— This paper describes a speed-up and performance improvement of multi-channel semi-blind
ICA (MCSB-ICA). MCSB-ICA is an integrated method of sound source separation that accomplishes blind
source separation, blind dereverberation, and echo cancellation. The main problem when MCSB-ICA is
applied to robot audition is its high computational cost. We tackle this by multi-threading programming,
and the two main issues are 1) the design of parallel processing and 2) incremental implementation. These are
solved by a) multiple-stack-based parallel implementation, and b) resampling-based overlaps and block-wise
separation. The experimental results proved that our method reduced the real-time factor to less than 0.5
with an eight-core CPU, and it improves the performance of automatic speech recognition by 2-10 compared
with simple parallel-implementation.

Key Words: Robot audition, ICA, real-time processing, blind source separation, blind dereverberation,
echo cancellation

1. 0000

oboocooobooooooobooobooooooon <
000000O00o00ooo30ooool)ooooo
00002)000000000o0oooo3)oooo
oooooooooboooono1bobooooooon
obooooobooboooobobooooooboobon

2. Barge-in (|nterrupt|on)

Only has

PN specific

000000000000000000000000 \-,&q: e

0000000000 (ICA) 00000000000 ——0 e
000000000000000: Multi-channel Semi- L% ;

[ Speech Recognition ]
Failure

blind ICA (MCSB-ICA) 00O OOOOOOOOO
IcCADO0OOoOoOoOooooooooooOOoOoOoOOO
00000000000o0o0ooO0o jooooo
oboooooboooooooobooboooooooan
OoO0O0oOoOooooOoooMCSB-ICAOOOOOO
Oo00000oooOo0O00O0oOoooOooon0 ICAD
O0ooooooOooooooooo 2,30
OO0O0OooOMCSB-IcCAOOOOOOOOOOOOO
00000 0000000000 OOb)OOOOO
obooooobooboooooboobooooonbogoon
gbobooooobooboobooobobooooobg
gboooboobooooboooooon

2. MCSB-ICA 0000000

Fig.1 0OOOOOOOOOOO

1,..,0}0000000 +0000 STFTOO000
0000000 s, 00000000000000
000000000000000000000
000000 M,,..,M,0L0000000000
000000000000000 zy4t], . 2e,0[f] 00
000000000000 20t = [2e1[t], s 2w L[H]7
0000000000000000000000 §,.,[f
OO0O0O0OMCSBICAODOOO0O0D000000 2,[t]0
00000000000 §,.,[)0000000000
000000000000 4,[]0000

gooobobobooooooooooooooooo
MCSB-ICA 0000000 OO0O0OOCOOOCDOOO
OO00o0oO0oooooO0oOoooooooooo o
gooooood

21 00000

MCSB-ICAODODOOO00D00D0DO0STFTO
0[4000000000000 we {N,N-—

2 28E] HAOMRY MERPMEEESR (2010898228 ~24R)

00000000000000 Z,,[tj000000
000000 S, ]00000000000 4000
0000000 My O M,,0ODOOODDOOOOO
0oo

Zawlt] = [zult — d], ..., 2u[t— d— Myg]]", (1)
S, w[t] = [Brwlt], - 8rwlt — Mec]]t (2)



RSJ2010AC1H3-1

High frequency bin __Initial | Estimated
I Wi

CIXEEE V... | W
Thread 2 o |/

Thread 3 e, ”‘f

Thread 1 e

Finished thread

Processed

2

Being
processed

éié

\ﬂ_l

Un-processed

Lii

Low frequency bin

Fig.2 SSI 000

22 O00OOOOOOO
00000000 §,f)000O0000000OOn

gboooboobooocoboooooon

gw [t] = Wbs,wzw[t] + Wbd7w Zd,w [t] + Wec,wSr,w[(B)

0000W s, Wi 0 W,.,,0000000000
0000000000000000000000000
000000008,0000 LOOOOW s, Wiae
00 We.,, 0000000000 LxLOLXL(Myg1)D
Lx(My,+1)0000

0000000000000 000000ICA OO
O0000000000000W,,;0Wyy 0 W, O
0000000000000

witl=wil 4 up.wil ], (4)
Wit =wil + D W~ Elg. ) 2114 )
Wi =Wl 4 [ D WYL~ Elg(3.10)SIL 1] (6)

D, = ding(Bl(3.1)5" 1) - Big(6. [ )7

oooollooo000pO0O00000000000
00 ¢(z) = [¢(z1),...,¢(zL)] 0O0DO0ODOOOOD0
0000000000000000 |z >e0000
00 «*/j¢) 00000

2.3 MCSB-ICA 00O

00000 wDOD000000 W), 000000
w+100000000 Wy, 000000000
0000000000000000000000000
000000000000000000000MCSB-

icCA00000000000oooooooog

3. 0bDooobod

oboooooooooboobooooobooboooon
O MCSB-ICAOOOOQOOOOOOOOOODOO
oopO0ODOOOO0ODOOOODDOOOODODOO

31 MCSB-ICA 00O0OO

oooooooooooobooboobobooboooooog
Oo0O0Q0 MCSB-ICAOOOOOOOOOOOOOO
ooboooobooobobooooooboooboooooo
oobooobooooooooooboooOoooooo
ooboooooooobooboooooboooooooon
obooooooobooooonog

2 28E] HAOMRY MERPMEEESR (2010898228 ~24R)

High
Starting bin of segment 0 frequency bin Initial Estimated

""" Moo
. I /

Wi

The number of bins
perone group

Starting bin of segment 1 m
Thread 3

Thread 4 1

: I

Overlapped bins: F;

Starting bin of segment K Endingbin of segment 0

[ l—>|Bm Nn |

[_]/'l_'" NE Fe
Endingbin of segment K-1
m Low frequency bin

Overlapped bins: Fg

Fig.3 MSI 00O

3-2 Single-stack-based Implementation (SSI)

0000000000 oo0oooooooooo
00o000o0oO0o0ooOoUooooooooooo
000o00o00o0O0ooO0oo0ooO0oooooO 20000
00o000o0o0ooo0o0ooo0oooooooon
000o00o00o0o0o0o0oooooUooooDoo
00000 AlgD 100000 “selectW(W, «)” OO0

Algorithm 1 SSI ; apply to all threads
-000000000000000 UPBIN={N,N-
1,..,0} O PUSH;

-W=¢;

while (w = pop(UPBIN)) != null do
- Wg;]w selectW(W, w);
-84, Wisw, Wihaw, O Wee,, 000;
- W WU Wy,

end while

gboboooooboboooobooboo 000
oo0oooooooooooono w,,,, 0000000
U0 W=¢oUOOOoOWwWoOOooooooooooono
oooorooboo
oboooooooobooboooboobooboooon
gbooooooboboboboooooobooobon
oboboooooooboooon

3-3 Multiple-stack-based Implementation (MSI)

00000000000000000000000
000000000000000000000000
00000000000000000000 3000
0000000« € {0,.,K}00P, 000000
N,—(N,.1—F)000000000000000N, =
N(N-Y*_ P)/POODOFO0000000O00
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000KO PO NGO
0oooooo

00000 Alg. 20000SSI0 MSIOODOOO
0000000000000000000



RSJ2010AC1H3-1

time

Cyclesize: [ Buffer size: [,

AR A AR AN

Re-sampling

Important-datasize: /
A —-

00000000
\ALXZZ222

MCSB-ICA

585084
0000000000OOOO0000000

Actual output per separation
(Cyclesize: 1)

Fig.4aO0OOOOOOODOOOOO

Separated
data

|

Algorithm 2 MSI for segment z
-0D000O0oO0oooooooooO0 UPBIN,={
N.,..., max(N,4; — F,0)} O PUSH;
-W=o0OOOOODOODOOOOOOODOODOO;
while (w = pop(UPBIN,)) != null do

- WE)(.)S],LU = selectW(W, w);
- 8w, Wisw, Wiao O Wee, 0005
- W~ WU Wy o

end while

4. UJgobobOoOOooOoOobobooodgn
gobobooooon

OO0O0OOMCSB-ICAODOOOOOOOOOOMCS-
IcCAO0000000o0og w,oooooooo
obooooobooooobooboobooobooboooon
goboobooobbooooooboobooobooag

41 0O0000OO0OO0ODOOOOOOOOOOOCOOObOOO

ooboobooooooooooobobooooon
oboooooboooooooobobooooooaon
obooooooboobooooobobooooooo
O0000000o0o0ooooooO t-0, ¢)000
oboooooooboono L, oooooooooboooon
OO0O000O000D0O000D00O00OOcycle size 1. O
oboooooobo4000000000000 1,000
obooobooooobooboooooooboon, oo
oboooboobobooooooboobooobooag
oooooooooobooboo0ooo ,obooo
gbobooboobobooooboboooooobooboo
goooo

00000000000000000000000
000000000000000000000000
000000000000D000000000000
00000000 Important-data size [, 00000
0000000000000000000000000
000000000000000000000000
0000000000000000 (4)-(6) 0000
00000000000000000000000

2 28E] HAOMRY MERPMEEESR (2010898228 ~24R)

t

- time
Buffer size: /,

0000000000000000000

Down-sampler
B EAEEE
O O O O O O 00000

l Important-data size: f‘, l l l l
v v Vv

Fig.5 000000000000 0OOOOO

42 0O000000O0O0O0OO0OO0O0OO0O0D0OO0O

00000000 cycdesize 0000000000
000000000000000000000000
0000000—0000005000000000—
0((,-1)0000000000000000 0
0oooooQ

ued
9|dwesay

- Iy—1
i b

l:I_IZ+(t_Ib)7 ZZO:)(IU_IC) (8)

0@-(6p)0o0o0bo0O0o0ooooouoooon
oooood

0 00O O Oimportant-data size 0 50% 000000
go0oooooooooooooooooooooo
go0ooooooooooooooooooooog
gj0oo0o0ooooOooooOoooooooooo
o0o0d0ooooooooodoooooooooo
goo0ooooooooooooooo

5. OO

51 0000000

0000000 AD0O0BO30000O0OOOOOO
oboooooobooboooobooboooon
I. OO A (w/o noise)d

I. 00A+0000 (A+R)D

III. 00 A+ 00 B: (A +B)O

Iv.00D A+00B+0000: (A+B+R)
0002000000000000000 Real-time
factor (RTF) 0000000000

1. SSIO MSIOOOOO

2. 0000000000O000000

RTF O O0O0O0O PO OO0OOOOD IobDOOO
RTFZ?DDDDDDDDDDDDDDD 101
gbooooo

52 0000

000000 8000000000 DDDDO00O0
00000000000000000000 16kHz O
00D000D000000000000 4.8 x 5.55 x
3m) 00000000 RTy O 940 [ms] 00000
0ADOOO0DOODODO 1.0/m] 00000000
000D0000BOOODOOD 1.5[m] 000000
00000000000000010,20, 30, 60,90 O
5000000000000000000000000
000D000000000000000000000
000 1.25(m] 00000000000000 1.4[m]



RSJ2010AC1H3-1

Table 1 00 00000000D0O000COO

Table 2000000

ooooooon 16 kHz sampling gooooo 200 sentences
0000 (RTs) 940 [ms] ooooag 200 people (150 sentences each)
O0BOOO 10°, 20°, 30°, 60°, 90° 0oooo PTM-Triphone: 3-state, MM
oooo 8 (embedded in robot’s head) ooooo trigram, vocabulary size of 21 k
STFT analysis | Hanning: 64 [ms] and shift: 20 [ms] oooo Hanning: 32 [ms] and shift: 10 [ms]
ooooo [-1.0 1.0] normalized oooood MFCC 25 dim. (124+A12+APow)
Table 30000000 (%)
o0 AO0 WC 00 BO WC
| Pattern: [I. I, I,], [P F] | w/onoise | A+R | A+B | A+B+R | A+B | A+B+R
SST: [50 150 150], [8, ] O 75.9 641 | 605 | 493 | 40.7 | 287
MSI: [50 150 150, [8, 15) 79.6 681 | 639 | 537 | 443 | 341
Table 4 00000000% 000 RTF
OO0 A0 WC 00 BO WC RTF
Pattern: [I. I, I,] | w/onoise | A+R | A+B | A+B+R | A+B | A+B+R || Icore | 2core | 4core | 8core
Pat.1: [50 100 100] 7.2 652 | 586 | 489 [ 389 | 290 31 | 145 [ 077 [ 0.45
Pat.2: [50 100 150] 78.1 67.8 61.9 52.0 41.1 31.5 3.1 1.49 0.77 0.45
Pat.3: [50 150 150] 79.6 68.1 63.9 53.7 44.3 34.1 4.4 2.08 1.09 0.64

O00000000000JNASOODOOOoODO 200
oooooooooooooooobooooooooo
ooooooog

O00o0oooooooOooo ooooobooooo
0000 d0O 20000000000000000~0
000000000000 0D000 Myg =M. =20
0000000000000 OO00D0D0OD Takeda et
ol 5000000000 0DOOOOOOOOOODO
00 150000000 dvoice-active section [ given
Oo0oOoooSTFTOOOQOODOODOO 10000
HMMOOOO Julius! 0000D0O000000O00OO
00000O0DOO0oOoOobo 20000 150000000
O000o0oOooooooooo 2000000

00000 0000000000 Ontel(R) Xeon(R)
CPUs (X55702.93 GHz) 0 20000000000 8
0O0O00oO0ooooOogno 12GBOOS O Ubuntu 9.04
(Gaunty)DO O OO OO Intel(R) C++ Compiler 11.1
Professional Edition for LinuxOO O OOOOOOOO
Math Kernel Library (MKL) 2 00 00O

53 0OO0OO0OO0O0OO

0O300SSI0 MSIOOOOOoOoOoooooooo
gbbobooboboboooboooooboobooboo
gooOoOoooooooooooOoOoOoOMSICOO
0350000 wWCOOOoOoooooooooooao
gboooboobobooooooboooooooboan
gbooooboobooooboobobooon

oobooooooboooobbbOooooooono 400
00o0000o0o0o0O300000000 [ I, L) =
pat.l: [50 100 100], pat.2: [50 100 150]0 pat.3:
[50 150 150) OO O OOOODOS0 0 150000
bobOooboobobobi0dipat.l O pat.2 O
RIF OO0OO0OOOOOOWCDO 13000000
UO00pat.300000000000000000O000
goboobooobobOpat20000000000CO

Lhttp://julius.sourceforge.jp/
2http:/ /software.intel.com /en-us/intel-compilers/

2 28E] HAOMRY MERPMEEESR (2010898228 ~24R)

OORTF O pat.20000000O00OO0OOOODOOO
ooooowCO 1-3000000ooooooDooon
ogboooooobobooooobobooooooo
OOOORTF O 8cored 1.0000000000O
obooooooooboo

6. Uoo0O

0000o0oO0ooooooooog MCSB-ICA O
gboooooobobooooboboooogn
0ooooooooynoooOoo2)0ooooooo
gbooooooboboooobobbooogn
gboooooobobooooboobooobooog
00oooooooMSIODOOoOoOooooooo 5 pts
gbobooooooobd

gboboobooooobooboooboooboboo
goboooooboooooboooooooboogoo
gbobooooooobooobooboooooooo

U0 O0oooooooooo(S)uooooo COoEUD
oobooooooooocooon.

gooo

[1] R. Takeda et al., “Upper-limit evaluation of a robot
audition based on ICA-BSS in multi-source, barge-in
and highly reveberant conditions,” in Proc. of ICRA,
2010, pp. 4366—4371.

[2] H. Saruwatari et al., “Two-stage blind source separa-
tion based on ICA and binary masking for real-time
robot audition system,” in Proc. of IEEE/RSJ IROS.
2005, pp. 209-214, IEEE.

[3] K. Kondo et al., “A semi-blind source separation
method with a less amount of computation suitable
for tiny DSP modules,” in Proc. of Interspeech, 2009,
pp. 1339-1342.

[4] T. Nakatani et al., “Blind speech dereverberation
with multi-channel linear prediction based on short
time fourier transform representation,” in Proc. of
ICASSP. 2008, pp. 85-88, IEEE.

[5] R. Takeda et al., “Step-size parameter adaptation of
multi-channel semi-blind ICA with piecewise linear
model for barge-in-able robot audition,” in Proc. of
IROS, 2000, pp. 2273-2282.



