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Robot Audition [Nakadai & Okuno AAAI 2000]
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m Not a headset microphone, but its own ears!

— Noise-robustness
* Ego-noise (actuators, self-voice)
 Environmental sounds
e Simultaneous speech (barge-in)%’;_' 1

— Cocktail Party Robot
— Prince Shotoku Robot

m Towards Auditory
Scene Analysis



Primary Issues in Robot Audition
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m  Sound Source Localization (SSL)
— MUSIC based on Generalized Eigen/Singular-Value

Decomposition (GEVD/GSVD-MUSIC)
[Nakamura+, Okutani+, Ohata+ ‘09-'12]

m  Sound Source Separation (SSS)

— Geometric High-order Decorrelation based Source Separation

with Adaptive Step-size Control (GHDSS-AS) [Nakajima+ 10,
Takeda+ ‘12]

m  Automatic Speech Recognition (ASR)

— Missing feature theory based integration of separation and ASR
[Yamamoto+ ‘07]

e Published in multiple research fields;
Robotics (ICRA, IROS), Acoustics & Speech (ICASSP,

INTERSPEECH), Al (AAAI, 1JCAI)
e Organized special sessions, workshop, tutorial, etc
* “Robot Audition” : an official keyword of RAS in 2014




IROS 2002 (2002.10.03) Kitano Symbiotic Systems Project, ERATO, JST

g Auditory Epipolar Geometry

sound source

g. MHead Related Transfer Function (HRTF)
s Measured in anechoic room
= prone to alter due to environmental
change :
—~
B Auditory Epipolar Geometry
= Method for horizontal localization
= Estimate direction of a sound source
from IPD mathematically

M baselme b
Robot Heac

Ap = Mx r (0 + sin 0)

(3,
( Ay :Interaural phase difference (IPD) )



Acoustic Model of Robot Head [iIrOS 2003]
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m Based on Scattering Theory

m \When spherical robot head is assumed, potential at a point on
the surface is estimated by

v 2 0o h,l;;,l:] 2nrg
S, f) = - (zm ) §(2n+1)a(ms #) hgll)i((;r : 2

m Estimate IPD and IID mathematically
I ID: ﬁﬂs(ﬂg f) — 90 ]-'Dglﬂ |S£(H:f)|

[S-(6, F)|

Sound Source
) —

Scattered
Signals



Personality in Focus-of-Attention [pricai oz]

m Personality is represented as a point
(1, 6) in the Interpersonal Circumplex.

keep attention

Dominant R<1
Competitive Assured -

Mistrusting ) . Exhibitionistic

Sociable
Turn Follow a

away Friendly speaker
from a

Aloof
speaker

Inhibited Trusting

Unassut ed Different
Submissive
Turn to a new stream



プレゼンター
プレゼンテーションのノート
In our system, personality is represented as a point (r, theta) in the interpersonal circumplex.
When r = 1, theta = 0, SIG is configured to be friendly. It means that SIG follows speakers as much as possible.
When r = 1, theta = pi, on the contrary, SIG is configured to be hostile. It means that SIG always looks the other way.
When SIG is configured to be dominant, SIG fixed the attention on one stream.
When submissive, SIG always turns to a direction of a new stream.
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Demonstrations

Personality (r, 6)

Dominant (1, /2)
Dominant (1, /2)
Dominant (1, /2)
Friendly (1, 0)

Listening to two people Assured (1, 3/8m)

Demos
Follower
DAar~rant nn'ci-
NCUC LIV TTOU
Stereo-sound-tracking
CArmAnA~rnIi~ANn
VUl IpPAlTIUL
Hostile listener
lnen_intAavract lickAannr
IUOCT TI1i ILCI COu I19LC T

Hostile (1, )
Friendly with large k


プレゼンター
プレゼンテーションのノート
We checked 6 demos for the first question.
First 3 demos are task-oriented demos. So, personality in each case is configured to be Dominant.
Other 3 demos are socially-oriented demos. So, personality depends on situations.


Do it
Competitive Assured

Mistrusting
™ Cold Saciable
Hostile | : Friendly
Inhibited Trusting
Unassured Different

Submissive

RS
' ) -



プレゼンター
プレゼンテーションのノート
Outline of my talk.
First I’ll talk about motivation of this work.
Next I will discuss Issues in Robust Perception,
Then I will explain Real-Time Human tracking system in detail.
After that, I will show you demonstration of the system by video tape,
and evaluate the system.
Finally I’ll give you conclusion.





Dominant

Competitive Assured
Mistrusting Exhibitionistic
™ ™ ™1 Saciable
‘ : Friendly
Aloof Warm
Inhibited Trusting
Unassured Different

Submissive




SIG as a physical non-verbal Eliza

1. A variety of non-verbal behaviors is attained
by personality-based focus-of-attention
control only with sound localization

2. The robot encouraged users to explore the
robot’s behaviors

m Some people walk around talking with their hand
covering SIG 's eyes in order to confirm the
performance of auditory tracking.

m Some people creep on the floor with talking in order to
confirm the performance of auditory tracking.

m Some people play hide-and-seek games with SIG.


プレゼンター
プレゼンテーションのノート
Observations of the experiment are as follows,
The effectiveness of noise cancellation by cover and
The effectiveness of auditory epipolar geometry are proved.
And scene analysis integrated audition, vision and motor can be done even speakers are out of sight


Robot Quizmaster [Nishimuta+ 2012]

—HONDA Honda Research Institute JP=

 School-type interaction: ask a right to answer
 Auction-type interaction: answer a quiz
directly



プレゼンター
プレゼンテーションのノート
In 2002, 3 loud speakers at the interval of 60 degrees utter words.
In 2003, 3 loud speakers at the interval of 30 degrees utter words.

In 2005, 3 actual speakers in a larger room utter sentences.
 Installed on various kinds of robots.
In 2006, 4 times faster recognition.



Simultaneous Speech Recognition [Nakadai+ 2013]
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Simultaneous Speech Recognition

~ Meal Order Taking ~

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

13



Open Source Software for Robot Audition #<42Z% [Nakadai+ 2008]

—HONDA

m HRI-JP Audition for Robots with Kyoto University

(downloadable at http://www.hark.jp/)

FARK

Honda Research Institute Japan Audition
for Robots with Kyoto University

hark = listen (Old English)

Research: Free
(Commercial: Licensing)

Honda Research Institute JP=

— Provides several algorithms for SSL, SSS & ASR with many utilities.

m Open sourced since Apr, 2008,

— To accelerate robot audition related research
— To provide atool for collaboration (inter-field, intra-field)
— To improve stability and performance from users’ feedback

m Annually update with free
tutorial and hackathon

— 15t Tutorial was held
at IEEE/RSJ IROS 2018

40 K
35K
30K
25K
20K
15K
10K
5K
0

Over 130k
downloads
as of Dec., 2018

B Linux

I \Vindows

2011 2012 2013 2014 2015 2016 2017

140 K
120 K
100 K
80K
60 K
40 K
20K
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プレゼンター
プレゼンテーションのノート
HARK stands for ...
The ultimate goal of HARK is to foster collaboration between various research groups all over the world and contribute to robotics community. 
Therefore it is open-sourced and absolutely free for research purposes.
We released HARK back in 2008 and have given tutorials in Japan, Korea and France…

“Probably, we will have a tutorial of the latest version of HARK at ICASSP 2012 in Kyoto.”

The latest major revision of HARK includes more than 50 modules for audio processing and it operates under Linux. 



Research Map of Robot Audition
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S d h International
OLIEIEESEatE communication

support

ICT/mobility s

Simultaneous
Speech
recognition

IVI system | UI for
optimization
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 From Robot Audition & Computational Auditory Scene A
Many engineering & scientific fields

« Base technology: robotics, signal/speech processing, Al incl. DL,...
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プレゼンター
プレゼンテーションのノート
The research topic has expanded like this figure.
Today’s my talk focuses drone audition here.


What is important in a disaster?
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Great EastJapa | Kumamoto, Japan Mexico City, \I\/Iexico
Earthquake ‘11/03 '16/04 ‘17/09

m Many disasters (e.g. earthquakes) happen in the world

— Transportation paralyzed

— Stacked emergency vehicles

m The Faster, The Better

— Need to find people within three days to save their lives
e Golden 72 hours in Japan or
* The rule of threes in Western countries

— One day faster claim = 6 month faster repair (Prof. R. Murphy)
16


プレゼンター
プレゼンテーションのノート
Background.
In the last decade, we have experienced many disasters like theses pictures.
(写真をさしながら）
In these pictures, at a glance, you can realize that transportation systems are paralyzed, and emergency vehicles cannot be dispatched.

On the other hand, faster actions are desired in disastrous situations.
In terms of saving people’s lives, it is said that they have to be found within three days,
which is called “golden 72 hours” in Japan, or “the rules of threes” in western countries.
Also Prof. Robin Murphy mentioned that a one-day-earlier action results in 6 months faster repair.
We have to say that taking faster actions in this kind of situation is quite tough.


Wh}y microphone-array-embedded UAV?
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m Realize a new rescue robot, i.e., an Unmanned Aerial Vehicle
(UAV) with a microphone array to search for people in a
disastrous situation

— Unmanned Aerial Vehicle (UAV)
« UAV moves quickly over a wide area even when traffic is cut off.
— Microphone array

* People can be detected from acoustic information, even when
people are occluded (a camera is not available).

UAV with a mirophone array

17


プレゼンター
プレゼンテーションのノート
The goal of this work is to realize a new rescue robot which is a UAV with a microphone array to find people quickly even in a disastrous situation.
For a robot, we selected a UAV, because it moves quickly and widely even when traffic is cut off.
As a sensor, a camera is commonly used for a UAV. But, when people are occluded like this picture (絵をさしながら）, it is difficult to find them only with the camera.
To solve this problem, we are working on using multiple microphones called a microphone array to detect sound sources from UAV.
However, in this case, another problem occurs.
(ビデオを再生）
As you can hear, UAV itself is so noisy, which makes it difficult to detect a target sound source.


~Sound Source Localization:
Multiple Signal Classification (MUSIC
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—HONDA

SEVD-MUSIC [Schmidt 1986]

Observation: x(t)
E l - Standard Eigen Value Decomposition
FET MUItiple Signal Classification

| X(w)
Correlation Matrix eigenvector E : sound direction
R = xxH eigenvalue A : sound power

Eigenvectors are
orthogonal
from each other.

| R
Standard Eigen
Value Decomposition
R =EAE!
|E = e, -, ey]

ASIE & i Performance degrades
P() = G@)" G W) I\ Threshold  when the target sound
I 0G W) ey | source has smaller power
than noise sources
$ Py

G (yY) : steering vector (= transfer function) for ¥

e, : M-th eigenvectors of R for noise sources (#of mic. — #of sound sources)

Assumptions
e Large eigenvalues : target sound sources [eq, -, €;]

« Small eigenvalues : noise sources [e;;1, ", €ey]

N

¥ directio>n(zp)

MUSIC spectrum
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プレゼンター
プレゼンテーションのノート
MUSIC法は，複数のマイクロホンからなるマイクロホンアレイを用いて音源方向を推定する手法であり、
一般的には標準固有値展開を用いることからSEVD-MUSIC法と呼ばれます。
この手法は、複数のマイクロホンから得られる観測信号から相関行列を計算して、この相関行列に対して固有値展開を行います。
固有値展開によって音源方向を表す固有ベクトル、および対応する音源のパワーを表す固有値が得られます。

次にMUSIC法では目的音源のパワーは雑音源のパワーよりも大きいという仮定のもと
空間スペクトルの計算を行います。
具体的には大きい固有値は目的音源に対応し、小さい固有値は雑音に対応するものとして得られた雑音の固有ベクトルe_mと
ψ方向の伝達関数G(ψ)の内積の和を計算します。
たとえば、ψが目的音源方向のとき、G(ψ)と各雑音固有ベクトルe_は直交するので内積が0になります
したがって空間スペクトルP(ψ)は理論上無限大に発散します。

つまりこの図のようにPは目的音源方向に鋭いピークをもちます。
しかし、MUSIC法では、目的音源が雑音より小さいとき、前提となっている仮定が破綻するので
定位性能が劣化するという問題がありました。
そこで、奥谷らはMUSIC法を拡張したiGEVD-MUSIC法を提案しました。


Extension of MUSIC
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Audio signal .
x(t) Noise Signa| IGSVD‘MUSIC [Ohata+,14]
I l
F transpose F transpose — Whitening noise sources by estimating a noise
X(w) N(w) correlation matrix(CM) incrementally

Correlation || Noise correlation | — 10 €stimate a noise CM, a signal observed f;
Matrix (CM)| | matrix (noise CM)|  frames before is used by assuming that no target
R =Xxx" K = NNH Si o : :

gnal is included in the signal.

I R ‘1' K —[] for CM_ for noise CM T : Frames for CM
Generalized Singular T Ty : Frames for noise CM
Value Decomposition —L— f; : Shifted frames

K~ 'R = E, AEg — —

IEL = [eq, ]
Spatial spectrum | Time
py) = EPEW) =
216G e Incremental estimation of correlation matrix for iGSVD-MUSIC
P .
v P A target sound source with smaller power
G () : Spatial transfer function i
en : Singular vectors for noise can be |OCa||Zed.

sources


プレゼンター
プレゼンテーションのノート
そこで雑音信号を逐次的に更新するiGECD-MUSICを用いてこの問題を解決します．
iGEVD-MUSICでは雑音の相関行列を過去の時間の観測信号から作成します．
発話は短い時間で行われるのに対し，雑音の変化はゆるやかだと考えられます．
そこで少し前の時間の観測信号を雑音の相関行列として用いることにより，動的に変化する雑音に対応することが出来ます．
iＧＥＶＤの時系列のイメージは図のようになっており，定位を行う時間幅TRフレームからfsフレーム前の信号をTNフレーム用いて雑音の相関行列を作成し
先ほどのGEVD-MUSICと同じ手順でPを計算します．

これらのパラメータは雑音環境によって適切な値があると考えられます．そこで今回は実験によりこれらの性質の検証も行いました．


Offline Sound Source Localization with iGSVD-MUSIC
Ohata+14, Nagamine+14
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プレゼンター
プレゼンテーションのノート
Computational Auditory Scene Analysis in an outdoor environment has been actively in the past few years.
It is enable to find distress people in a disaster situation, for example.
In the collapsed houses and debris cover streets wheel-based vehicles
have difficulties in searching people. Because it is crucial
to find people as quickly and widely as possible, using a Quadrotor is suitable.

However, there is a problem in outdoor auditory scene analysis using quadrotor.
The sound of quadrotor is very noisy! please look at the video.
It is veriy noisy, as you can see.
So, noise robust sound detection is necessary.


Issues and approaches for online demo
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1. Real-time processing, communication reduction

- Achieved real-time processing and reduction of
communication to 1/100 developing an embedded
microphone array system

2. 3D sound source localization

- Estimate 3D position by triangulation with
weighted LMS [washizaki+ IROS 2016] (SF, Inc

3. Robustness for online outdoor demo
- Take “less time to get ready” - Y
with “less human errors” in “all weather” SN2, .
* Intuitive Ul Blue pornts are sound focations
— 3D visualization on a point cloud map
e Microphone array structure ——
— 16c¢h spherical array

° A” Weather Water-resistant test (passed 12h submersion test)
- Water-resistant microphone array

21


プレゼンター
プレゼンテーションのノート
極限音響チームでは，これまで、ドローンにマイクロホンを搭載すれば、
被災地での要救助者発見に応用できるのではないかということで研究開発を進めてまいりました。
技術的なポイントとしては、
・日本初の研究テーマとして推進している「ロボット聴覚」研究をドローンに応用する
具体的には複数のマイクロホンを搭載したドローンを用いて雑音下の音源を検出するというタスクに取り組みます。
実際にはドローンの先端に設置した黒い球形のデバイスに１２個の
マイクロホンが搭載されており、このマイクロホンを用いて音源を検出します、
また、ドローンのマイクロホンで収録されたデータは、基地局に設置したＰＣで処理を行うため，音響データの伝送についてもロバスト化を行っています。


First UAV system for online demo
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RASP-ZX Prototype: enRoute UAV
(naked)

~ B 16 pipes and many cables
| B Octagonal layout of
“%  microphones

~ B Naked multichannel audio
device RASP-ZX for
cooling purposes

)

B 2-hour setup time

necessary

- B Many disconnections and
contact failures

B Not water-resistant

; 16 carbon pipes




Revised UAV system for online demo
 HONDA [Nakadai+ IROS 2017]
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16ch spherical microphone array
» Water-resistant
* Only a single cable connection
. Free from frame assembly

UAV ACSL MS- O6LA

Dlsplayed mformatlon
for participants

Parallel distributed
processing with
HARK and ROS

Packaged system
RASP-ZX, WiFi, GNSS/IMU, wireless camera =2
(w/ cooling fan, separate power supply from UAV) &

Setup scene |

Preparation Time: reduced 2 hours — 40 min

Just 2min necessary to take off after the UAV is switched on.
Human errors/disconnections: not observed
Weather conditions: operates even in rainy conditions




Online Demo@Nov. 11, 2017 (ImMPACT TRC field evaluation)
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135°

max: 31.2
min: 24.1 180° s S SRRRRRL ... ; RS S i "

Detected sound locations, and displayed them on 3D map
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For more practical tasks
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m Non Line of Sight (NLOS)

— Use multi-hop wireless communication
(collaboration with NICT) S T —

I/'(T//i%[‘ ( 0ms)
o EERTHEBIDER

(hight: 50m~100n%
e HEIT >k
\ e RTK-GPSEsgfgs __ Drone with
J microphone arra y
(height:5m~10m)
- : ol
] : ° U5

—

= ags %\*” . ' = 7
. H I g h M O b I | Ity Base(operator) ) 0.3km 7 :::"ta’rget ﬁ,

-

— Slow speed with arms (microphone array) spread
— An open & close mechanism installed

Motion mode (arm closed) search mode (arm open) 25



Final Demo@Nov. 2, 2018 (ImMPACT TRC field evaluation)
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Copyright (¢) 2018 Tokyo Tech, Kumamoto Univ.
Waseda Univ. NICT, AIST UmPACT TRC demo)




Sound source Localization
Based on Deep Learning [Nelson+ 2016]
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» Deep Residual Network [He+ 2015] -l e
« Winner algorithm for ILSVRC 2015 based on |
CNN

—HONDA

1x1 conv, 32 1x1 cony, 32

« Making optimization easier by learning

residue

« Easy to increase the number of layers by
avoiding vanishing

3x3 conv, 32

Ix1 cony, 32
Y

1x1 conv, 32

3x3 cony, 32

1x1 conv, 32

Ixicony,32 |

= - o ——
ixl cgw. 2 1x1 conv, 32 \\

1x1 cony, 32 ____,,/’
1x1 conv, 32
_ Ixlcom,32 |

3x3 conv, 32

1x1 canv, 32

F(x) ldentity ¢ .

X | 45 ﬁ#ﬁ?\ﬂ:‘ll‘_' [ 45dconv,32 |

max pool 1x4 max pool 1x4

 A5xdconv, 64 ~ 45x4 conv, 64

miax pool 4x1 max pool 4x1
H(X)=F(x)+x Wx%m [ dsvcom, 18|
@?ﬁ'ﬁs’_ Wl con, 356

[ 27x2 conv,512

 fc2048 |

[ 37xicom,513 |
b4

248

fc 361

Fig. 4 Network Architecture
Left: Plain Network Right: Residual Network. The dotted
line shorteut represents a 1x1 convolutional layer 27



Performance of Sound Source Localization
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—-—-MUSIC-SEVD -=Plain Network ResNetl -<ResNet2 TanH
1
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>
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O
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X
8 20
-1
M
O *
fb%fbgfl,(ofl,g ,\‘o ,\Q S O %\Q ,\‘o,bQ bfoo\/

SIGNAL-TO-NOISE RATE (DB)

« Training data: JINAS (3,350,000 files), _ _
. Add robot’s motor noise to training data(SNR clean~-35dB) | Amplitude input
e Input: 257-dim STFT feature (raw) only, and no
e Output: 36-dim localization result (10 deg resolution) phase

» Test data: 7,200 files ( 200 per direction) information
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Summary
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m Introduced robot audition and drone audition

m Sound source detection for a UAV with a microphone array

bk

Real-time processing, communication reduction
3D sound source localization

Robustness for online outdoor demo

NLOS wireless communication

Open&close microphone array for high mobility

m Our activities in ImMPACT (finished Mar, 2019) were published a book
Disaster Robotics 2019

m Future work

1.

Frame-based sound source localization

» Multiple microphone arrays [Yamada+ 2019] workshop poster

Sound source classification [Morito+16, Uemura+17, Nakadai+18]
Multimodal scene understanding: visual processing, thermal camera, etc
Deep sound source localization for dynamic environments
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プレゼンター
プレゼンテーションのノート
We presented microphone array embedded UAV for sound source localization, which is a research activity from theory to practice.
I mean that the integration of scientific and engineering research is important.
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