
1

( )

1.
–

2.
–
–

3.

4.

2

[AAAI 2000]

–
• ( )

•

• ( )

–

–

4

Self-noises

SF (1950)

5

“Robbie” (1996 )
• Nursemaid .
• Non-vocal .



SF (2002)

6

Robbie
– : 
– : 

[AAAI-2000]
– http://winne.kuis.kyoto-u.ac.jp/SIG/

– AI-Challenge 
–
– IEEE/RSJ International Conference on Intelligent Robots and Systems 

(IROS) 
–

7

Sound Source Localization
– MUSIC based on Generalized Eigen/Singular-

Value Decomposition (GEVD/GSVD-MUSIC) 
[Nakamura+ ‘09-‘12]

Sound Source Separation
– Geometric High-order Decorrelation based 

Source Separation  with Adaptive Step-size 
Control (GHDSS-AS) [Nakajima+ ‘10]

Automatic Speech Recognition
– Missing feature theory based integration of 

separation and ASR [Yamamoto+ ‘07]

8

• (ICRA, IROS) (ICASSP Interspeech)
AI (AAAI, IJCAI) 

4

11

[Nakadai 2013]

9

• Dealing with 11 directional sound sources, a diffuse noise source and ego-noise
• 16ch circular microphone array (speaker locations given). 



[Nakadai+ 2008]

HRI-JP Audition for Robots with Kyoto University
(downloadable at http://www.hark.jp/)

2008 4
–
–
–

10

hark = listen (Old English)

( )

Dec., 2018 3.0 release 
•
• 15 : 2018/12/4 
• 5 : 2018/12/5 0

20 K

40 K

60 K

80 K

100 K

120 K

‘11      ‘12      ‘13      ‘14      ‘15      ‘16     ‘17

13 DL
(2018/6 )

HARK

( )
– GUI
–

– A/D
– ROS
–

11

– Python (HARK-Python)
– Julius, Kaldi (DNN-ASR)

8ch Tamago (29,800 )

HARK-Designer
Chrome/Safari/Firefox
on Linux/Windows/Mac

12

Apr., 2008 0.1.7
– 1 2008/11/17 ,
– 2 2008/12/5   KIST 

Nov., 2009 1.0.0 
– 3 2009/1 /7 ,
– 4 2009/12/7    UPMC

Nov., 2010 1.0.0 release : 
– 5 2010/11/25  

Feb., 2012 1.1 release : 64bit ROS 
– 6 2012/2/29    UPMC,
– 7 2012/3/9      

Mar., 2013 1.2 release : Kinect, PSEye
– 8 2013/3/19    

Oct., 2013 1.9.9 release : Windows & HarkDesigner
– 9 2013/10/2    CNRS-LAAS

Dec., 2013 2.0 release : Windows & HarkDesigner
– 10 2013/12/5   

Nov., 2014 2.1 release : 
– 11 2014/11/19 , 11/20 1

Nov., 2015 2.2 release : 
– 12 2015/11/10 , 11/11 2

Dec., 2016 2.3 release : Kaldi 
– 13 2016/12/6 , 12/7 3

Dec., 2017 2.4 release : MVDR 
– 14 2017/12/5 , 12/6 4

History and Tutorials HARK

HARK (HARK-SaaS)
(RASP-MX, )

( IVI)
( )

13

HARK-SaaS( +’15)

( +’15)

( +’15)

IVI ( +’15)

( +’14-)

( +’15, +’15)



–
”The Faster, The Better”

– 72
• Golden 72 hours
• The rule of threes 

– (Prof. R. Murphy)
JST ImPACT (2014-2019) 14

Great East Japan 
Earthquake ‘11/03

Kumamoto, Japan
‘16/04

Sichuan, China
‘08/05

UAV (Unmanned Aerial Vehicle) 

– Unmanned Aerial Vehicle (UAV)

• .

– Microphone array

•

15
UAV with a microphone array

1.

–

2.

–

16

Where?
When?

What?

, , ,

( )
Acoustic Vector Sensor (AVS) [Kaushik+ 05]
–

–

Microphone Array [ +11, Basiri+ 12, Okutani+ 12, Furukawa+ 13, 
Ohata+ 14]
– UAV 2011

–

(Honda Research Institute Japan, Co. Ltd. Audition for 
Robots with Kyoto Univ.) [Nakadai 08] 

Quadrotor with 16 mics

AVS
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:

– (Jeffress )
– (GCC-PHAT, CSP, …)
– (WS-BF, MVDR, …)
– MUSIC

=

=

( ) = ( )

( )

( )

= [ , ]

( )0

: MUSIC

19

SEVD-MUSIC [Schmidt 1986]
Standard Eigen Value Decomposition

MUltiple SIgnal Classification

( ) ( )
( )

( )

•
•

MUSIC

20
( ) ( )

==

( ) = ( )

( )

( )

= [ , ]

( )

0

( ) ( )

=

iGEVD-MUSIC [ + 2012]

( )

T

fT

iGEVD-MUSIC

iGSVD-MUSIC-CMS [ + 2014]

=

==

=

( ) = ( )

( )

( )

= [ , ]

( )

0

( ) ( )

( ) ( )

• :

• : ,

• - :4-20[m](1[m] )

• :
( )

0m

4m 20m…

=

SEVD-MUSIC
iGSVD-MUSIC
iGSVD-MUSIC-CMS ( = 0.5)

21
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0
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LC
R[

%
]

[m]

SEVD
iGSVD
iGSVD-CMS

• ( SN )
• (LCR>50[%])

• 12 13m
• 12 13m
• 18m

12 13m 

: iGEVD-MUSIC-CMS [ + 2014]

23

Reference SEVD-MUSIC iGSVD-MUSIC w/ CMS

-15dB

Quadrotor with 16 mics

SSL with iGSVD-MUSIC

Localization Results

1.
– ARM

HARK

1/100 )

2.
– 2

3.

RASP-MX
( )

12

(2017/11/11 TRC ) 

25



(2018/6/14 TRC )

26

•
–
– 1km

1.

–

2.

–

27

Where?
When?

What?

– Convolutional Neural Network (CNN) 

28

Fr
eq

ue
nc

y

Time

Fr
eq

ue
nc

y

Time

Fr
eq

ue
nc

y

Time

0 0.1 0.2 0.3 0.4

SuperVision

ISI

XRCE/INRIA

LEAR-XRCE

ILSVRC 2012 

CNN

CNN

[ 2015]

29

iGSVD-MUSIC-CMS
[Ohata+ 2014]

GHDSS-AS
[Nakajima+ 2012]

CNN

•
• GHDSS
• RPCA: )

•
• CNN
• SdA Stacked denoising Autoencoder)
• GMM



•
–

• 16 ch

–
•

– 3m
• 10

– 2 
– 8 

• SN
– -5dB 

30

0m

3m

=
(Frame Identification Correct Rate)

*5

SdA CNN
pre-
training

fine-
tuning

0.10 0.10 0.10
25,884 25,884 25,884
500 500 500

Batch size 100 100 100

31

GHDSS RPCA
GMM 66.2 50.4
SdA 58.7 40.8
CNN 81.5 44.7

(%)

GHDSS CNN
(FSCR)

32

iGSVD-MUSIC-CMS
[Ohata+ 2014]

GHDSS-AS
[Nakajima+ 2012]

CNN

•
• GHDSS
• RPCA: )

•
• CNN
• SdA Stacked denoising Autoencoder)
• GMM

[Nelson+ 2016]

• Deep Residual Network [He+ 2015]
• ILSVRC 2015 Winner
• CNN
•

Weight
layer

Weight
layer

+

H(x)=F(x)+x

Identity 
x

F(x)

33



40.11
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)

SIGNAL-TO-NOISE RATE (DB)

MUSIC-SEVD Plain Network ResNet1 ResNet2 TanH

• : JNAS (3,350,000 ), 
• (SNR clean -35dB)
• : STFT 257 dim
• : 36dim ( 10 )

• : 7,200 ( 200 )
34

[Noda+ 2015]

[Input]
Corrupted input 
sound feature

x N ch

[Output]
Clean target 

sound feature 
x 1ch

DNN is trained to serve as SF 
and NR filter simultaneously

Ch 1

Ch 2

Ch N

Mel-scale fiterbank sound features correspond to 
multi-channel inputs

Sliding window T frames

D dim

Feature 
extraction

Sound feature extraction for each channel

36

19.15 27.41 23.28

GHDSS+HRLE 
(HARK) 60.64 67.41 64.03

(Denoising) 58.81 68.09 63.45

– : 200 msec
– : 4 x 7 m
– : 8 ch
– : Julius

– JNAS 200 ,
– SNR: 0 dB, 6 dB, 12 dB

vs End-to-End 
– Deep Speech, Deep Speech 2 (Hannun 2014, Amodei

2015)
– WaveNet (Google DeepMind 2016) 

–

–

37



End-to-End [ 18 ASJ]

Parrot Bebop Drone w/ 8ch mic-array
#samples:60k 5-fold CV, input:1,600-dim
SNR: 0dB, batch:100, epoch:300, 6 layered DNN

38

E2E

Partially Shared Deep Neural Network (PS-DNN) [ + 2016]

Multi-purpose DNN 
– DNN

classification
–

End-to-End 
regression

–
–

39

PSA 

PS-DNN
– 20 x 10

x 8 = 1600
– 200 x 1

10

40

10

200

200

200

200200

1600

100100

100

100

DNN PS-DNN- PS-DNN
100% 98.87% 98.93% -

80% 97.36% 97.11% 97.61%
60% 94.81% 94.95% 96.01%
40% 90.76% 91.34% 93.00%
20% 86.60% 86.96% 87.83%

• DNN PS-DNN-

• PS-DNN- < PS-DNN

DNN: end-to-end
PS-DNN-:
PS-DNN: 

[Takeda+17]

ilx ,

1,lx

2,lx

lNlx ,

lx
1lW lW

ilx ,

1

2
1,ilw

ijlw ,
j

ilM ,

, : n-bit integer
e.g.1-bit [0, 1] 

2-bit [00,01,10,11]

• , , : 0.5
• , , : 0.5

ilililil ppppDilq ,,1,,1,,0,,0 loglog)|,(
)/( ,,1,,0,,0,,0 ilililil NNNp
)/( ,,1,,0,,1,,1 ilililil NNNp

w iiilil wpwpMxq )(log)()( ,,

),...,1(, lijl Njw

-
-



Julius
30%

0.428->0.390
0.204

42

10 2 ,
8

Pruned 
nodes (%)

# of 
param. (M) RTF WA (%) RTF WA (%) RTF

0 9.71 0.941 81.86 0.941 81.86 0.941
30 4.98 0.428 82.02 0.390 81.89 0.204
40 4.00 0.344 81.72 0.326 81.53 0.188
50 3.17 0.273 80.74 0.254 80.68 0.171
60 2.48 0.213 79.34 0.197 79.29 0.154

–
–
–
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Oct. 5 
– HARK Tutorial @ IEEE/RSJ IROS 2018

Dec. 3 
–

Dec. 4 
– HARK 

Dec. 5
– HARK 
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