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CONTEXT @

TWO!EARS

Audio-Motor Localization of Source (E) from a Binaural Head (RI,R2)
® Estimate state...

» x = (e,, e, )’ head-to-source position

® ... by combining the sensed binaural signals... \ |
» 2 :left(R1) and right(R2) spectrograms '
Zs T j - : Le ,-* R I g PN i : ﬁ'ght .AT""'. : i |
¢ e :’J £
o Q—W; ars ?ii%— . in(
® ... with the motor commands of the sensor
»u = (T, T, ®): head translations and rotation
) \
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A THREE-LAYER FRAMEWORK TO @
BINAURAL ACTIVE LOCALIZATION el
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A THREE-LAYER FRAMEWORK TO @
BINAURAL ACTIVE LOCALIZATION el
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Signal processing |«

(B) Gaussian sum UKF Audio-Motor Localization
=+ front-back disambiguation
"+ range recovery
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p(wi|z1:k) =~ zji1 Vi (xk;f’?‘ziwpkym)
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A THREE-LAYER FRAMEWORK TO
BINAURAL ACTIVE LOCALIZATION
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PROBLEM STATEMENT @

TWO!EARS

Multi-step-ahead information-based feedback control

Given p(xg|zi1.x) &~ Zj’*lwk/\/(xk,azk‘k,Pgw) find wy = uj : uj,y_, (to be

applied between k and k+N) such that E., ., A(Zp |21 v) i minimum,
with h(2r4n|21:k+n) the entropy of p(zr+n|21:6+N)
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PROBLEM STATEMENT @

TWO!EARS

Multi-step-ahead information-based feedback control

Given p(xg|zi1.x) &~ Zj’“lwk/\/(aﬁk,ka,ﬂgm) find wy = uj : uj,y_, (to be

applied between k and k+N) such that E., ., A(Zp |21 v) i minimum,
with h(2r4n|21:k+n) the entropy of p(zr+n|21:6+N)

Simplifying assumptions
o p(Ti|21:k) = N (ks Ter Projic)

® 2 :l_((gk)—l—fl}k, Hk — —atan2(ey, GZ), Vi NN(O, Rk)
with Ry, independent of hidden (e, ,e.y)
» Woodworth-Scholsberg (farfield) approximation of ITD

Outline
® One-step-ahead control: theory, qualitative insights, experiments

® N-step-ahead control: theory, simulated experiments
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ONE-STEP-AHEAD SOLUTION @
BASICS [AutonoMous RoBOTS 201 8] TWOIEARS

In view of the UKF equations
» D(@ht1|z1k41) = N (kg1 Erg1 k15 Pot1(k1)» With Pyyqp4q independent of zj44

> h(xgq1|21:041) = alogdet Py qjpp1 +0(witha > 0) =E,, ., 2(@rt1]21:041)

k * * .
(T, T2, 6%) =arg - min - h(@p|2e)
Y zZ9 ><

= arg max (T, T,, o), with F1(1,,T,,®) = h(zr+1|21:
—_— (T, T-.$)ET xR Ly, T2 ). Ly, T2, 8) = ks 21k

I, and h(zp41|21:1) entropy of p(zp41|21:1)

LAAS  How C‘AN AUDIO-MOTOR BINAURAL LOCALIZATION BE MADE MORE “ACTIVE”?
CNRS .~ P. DANES (WITH WONDERFUL COLLEAGUES) Il i3 il TOULOUSE NI 8

QIEY PauL SasaTier P



ONE-STEP-AHEAD SOLUTION @
BASICS [AutonoMous RoBOTS 201 8] TWOIEARS

In view of the UKF equations
b D(@ht1|21041) BN (Trt1: Tot1 it Pot1g+1), With Pyyqjp11 independent of zj44
> h(xpq1|21:041) = alogdet Pyyqjpp1 +0(witha >0) =E,, ., (@r1]21:041)

» (T TF o) = a ' h .
( ya z7¢ ) rg (Ty,TZI,I;SI)IéTXR (ajk—l—l‘zl.k—l—l)

. FU(T,. T.. ). with Fy(T,.T.. ) = h :
e arg (Ty,T:fl¢a)}€(TXR 1( Y ¢) Wil 1( Y ¢) (Zk—l—l‘zl k)

T and h(zgi1|z1.x) entropy of p(zri1|z1:%)

Facts

» P(2k1]21:k) BN (21 241k Sk—|—1|k), so that

uy = (I, T;,9") = arg((Ty’T$%¥€TXRF1(Ty,TZ, ¢) = log det Sp41|x

» Iy (T,,T,, ¢) has no closed form, but its gradient can be approximated through
Taylor expansions and the unscented transform

"+ The problem can be solved by the projected gradient algorithm
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ONE-STEP-AHEAD SOLUTION @
WHY AND HOW TO MAXIMIZE h(zp1]21.5) T tweitws

Al AR

YR 7////]\\&\?3?

(2)

F (0O, é€y,€,,€.): binaural head. Measurement space: Woodworth iso-ITDs.

Confidence ellipse: current posterior head-to-source pdf.
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ONE-STEP-AHEAD SOLUTION

WHY AND HOW TO MAXIMIZE h(z)41

Al AR

YR 7////“\&\?3’

Y

ZR

\
|

®

AR k) 2 twottms

»
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\
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AN
)\ 719
§
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(2)

(b)

(c)

F (0O, é€y,€,,€.): binaural head. Measurement space: Woodworth iso-ITDs.

Confidence ellipse: current posterior head-to-source pdf.

Next predicted state pdf, after applying T),, T, ¢ to the head (with no dyn. noise).

Spatial uncertainty sector due to measurement noise.

Confidence ellipsoid associated to the next filtered state pdf (after incorporating

the Woodworth I'TD for the source position).
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ONE-STEP-AHEAD SOLUTION
WHY AND How TO MAXIMIZE /(211

~

Zl:k)'

®

TWO!EARS

E

(2) (b) (c)
Some heuristical rules of thumb
- Do not orient the interaural axis towards the confidence ellipsoid

+ Orient the auditory fovea towards the confidence ellipsoid

- Drive the head center on the (line supported by) the major axis of the
confidence ellipsoid

+ Drive the head center on the minor axis of the confidence ellipsoid
+ Get closer to the confidence ellipsoid

"+ so that the ellipsoid intersects as many iso-ITDs as possible
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ONE-STEP-AHEAD SOLUTION
SIMULATED EXPERIMENTS TWOTEARS

1.4 ‘ . .,
f ' . Mouvement actif 1 (P) \ — o Mouvement actif 1 (P)
0 | Mouvement Circulaire _1 .6 _\ ............. e . MOUVBment CII’CU|aII’e
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-1.8F-t-- : : i
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(c) Mouvement actif k = 16 (d) Mouvement circulaire (e) Mouvement de translation
k=16 k=16
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ONE-STEP-AHEAD SOLUTION

TWO!EARS

Open-loop head rotation

, e
-1 n |
- o3, e == s ilp

=

Open-loop circular nonholonomic motion
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ONE-STEP-AHEAD SOLUTION
LIVE EXPERIMENTS TWOTEARS

WM"\:?“ |':‘_ .

-

Ly

TR

= T

“‘(

Open-loop circular nonholonomic motion One-step-ahead optimal control
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ONE-STEP-AHEAD SOLUTION
LIVE EXPERIMENTS TWOTEARS

—e— active movement

— Vg translation

—e— rotation
—eo— circular movement

Open-loop circular nonholonomic motion One-step-ahead optimal control
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ONE-STEP-AHEAD PROBLEM IS SOLVED... @
.ee SO, WHAT MAY BE WRONG? TWOIERS

143 : _‘_Moulvement actlif1 (P1) 4 I—o—actlive movlement
-1.6F —=— Mouvement circulaire ——Yr translation
| —+ Mouvement de translation 3r W | —e—rotation
18 T SOOI — \ —e— circular movement

0 5 10 15 20 25 30
Time (S)

The sequence of N locally optimum one-step-ahead strategies may not be
optimal " let’s investigate a N-step-ahead strategy!
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N-STEP-AHEAD SOLUTION @
BASICS [IROS2017] TWOTEARS

Given p(x|z1.x) & ./\/'(azk; Tk Pk|k), find the value of uy = ug : ura N1
which minimizes JN(”L_LN) — Ezk+1;k+N|z1;kh(mk—FN‘Zl:k—l—N)

LAAS . How CAN AuDIO-MOTOR BINAURAL LOCALIZATION BE MADE MORE “ACTIVE”?
CNRS .~ P. DANES (WITH WONDERFUL COLLEAGUES)

#AN) UNIVERSITE
Il S5 il TOULOUSE NI | 4

RIEL PAUL SABATIER 2=




N-STEP-AHEAD SOLUTION @
BASICS [IROS2017] TWOTEARS

Given p(x|z1.x) & N(xk; Tk Pk|k), find the value of uy = ug : ura N1
which minimizes JN(EN) — Ezk+1;k+N|z1:kh(wk—FN‘Zl:k—FN)

Some important (and muuuuch more tricky) facts
® Jv =Ky — h Zk+1\21 k) ZEzkH 1|71k [h(zk+z"21:k+i—1)}

_J/

-~

2 (a U
1( 1) —Fi(Ui,Zk+1:k+i—1)

® By the Unscented Transform,
_ 2(i—1)+1 _
Ezk—|—1:k—|—i—1|zlzk [F’&(u’m Zk+1:k—|—73—1)] ~ Zj(:]_ ) WjFi(uia Zj)

® Finally, N 2(i-1)41
Un = ar min  Jy(uy) & arg ma 1)+ W, Fi(u;, Z
i o) S s R()+Y SR (5, 2)

® Solution by means of the projected gradient algorithm

» automatic differentiation: dual numbers algebra v + ed, €% = 0
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N-STEP-AHEAD SOLUTION
SIMULATED EXPERIMENTS

@
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- o active movement 1 step » active movement 1 step
,\ . | —*— active movement 2 steps [T o —*— active movement 2 steps
. ' | —*— active movement 3 steps ) \ [—— active movement 3 steps.
1.5 \~ - * = ~_° - | —*—active movement 5 steps| | —0—actwe movementSSteps
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N-STEP-AHEAD SOLUTION
MONTE CARLO ANALYSIS

40
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CONCLUSION @

TWO!EARS

Optimal information-based feedback control for binaural localization

» Criterion: expected entropy of N-step-ahead state filtering pdf
» Unscented transform - Automatic differentiation - Projected gradient

® Other solutions do exist (e.g., MCTS of Nguyen,Vincent, Charpillet) but
much farther to real-time

® Multi-objective criterion (e.g., exploration + servoing)
o5 : : : . Entrop1e H (xk\yl k)
o : : T
NI Y ' 3 SSSe0ll
05 - <o - - - -“‘-‘:“-‘}
0f * A=1 : : 1 !
—*—A=0.98 | | ! .A-"”'*%A —+—1%=098
R 1 T RS T AN o h-oms
*—%=0.9 —*— k=0
'1__;_202:)09 __:_____:_ _____ : _____ Hi
O cible | | | | |
15 2 1 0 -1 % 5 10 15 20 25
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PROSPECTS @

TWO!EARS

PhD / PostDoc position can be opened by Fall 2019
® |ncorporation of ML / stochastic / optimization methods to address
» Multiple sources
» Unanechoic/Dynamic environments

» Incorporation of other sensing modalities

» etc.
THANK YOU!
PATRICK DANES
AND MANY THANKS TO MY COLLEAGUES!
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ONE-STEP-AHEAD SOLUTION @
CONTOUR LINES OF THE CRITERION TWOTEARS

Contour lines w.r.t translations for a given subsequent rotation

3

® Contour lines ( , |
of Fi(Ty,T.,¢) wrt. Ty, T, when 25
followed by the rotation ¢q of

® Red frame: sensor in the initial positi 4 5|
® Red circle: 7 1l

® Blue frame: orientation of the head

0.5

if a zero translation were applied
0
® |nitial estimate of the head-to-source
position £k|k = (1, 15)T -0.5 S
and 99%-probability confidence e e ot o oF
ellipsoid associated to N (x; Tk |k, Pr|k) ' ' ' T
(b) ¢o = +30°
LAAS  How CAN AuDio-MOTOR BINAURAL LOCALIZATION BE MADE MORE “ACTIVE”? SR UNIVERSITE

(€5 )) TOULOUSE il 19

RIES PAauL SaBaTiER o=

CNRS - P. DANES (WITH WONDERFUL COLLEAGUES)




ONE-STEP-AHEAD SOLUTION @
CONTOUR LINES OF THE CRITERION TWOTEARS

Remember that 2 =1(0x)+vk, O = —atan2(e,, e.), ve ~N (0, Ry)

3 — 3 4/ ‘ \‘\ /” \\\\ pi/2

1 25 \ —— ] \\\\i\*k;;i\:?\\ \
( = 7/ N = ;‘

0.5t 1 0.5

S = 1 o

° 0 10 —pil4t
_0.5/\—4 05 1 _05

-1 A\ ‘ 1 4 | i

i 4’/’”; ///
3 25 2 15 1 05 0 05 -1 "3 25 2 15 1 05 0 05 1 "3 25 2 15 1 05 0 05 -1 g2 —pia ey pi2
(a) ¢o =0 (b) o = +30° (c) po = —30° (d)

What if zx =0x v, 0 =—atan2(e,, e, ), v ~N (0, Ry) ?

2,

~——

2.57

ol 1opidr

1.5¢

1,

\ | pi/4r
| 15
O,
D

£

.

i

1

L
NS

o

.r

1 —pi/4r

AL

-0.5¢ - —0.5¢ -
_1 ! f A\ ) M _1 ! f A\ ) ; _1 . . ! T ! . . _p|/2 - i - -
3 25 2 15 1 05 0 -05 -1 3 25 2 15 1 05 0 -05 -1 3 25 2 15 1 05 0 -05 -1 -pi2 —pi/4 0 pi/4 pi/2
(e) po =0 (f) ¢po = +30° (g) o has no impact (h)
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