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Audio-Motor Localization of Source (E) from a Binaural Head (R1,R2)

• Estimate state…
‣                     : head-to-source position

• … by combining the sensed binaural signals…
‣    : left(R1) and right(R2) spectrograms

• … with the motor commands of the sensor
‣                        : head translations and rotation
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A THREE-LAYER FRAMEWORK TO
BINAURAL ACTIVE LOCALIZATION

(A) HRTF-based ML Source Azimuth Estimation over small time 
snippets
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(B) Gaussian sum UKF Audio-Motor Localization 
➟ front-back disambiguation 
➟ range recovery
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A THREE-LAYER FRAMEWORK TO
BINAURAL ACTIVE LOCALIZATION

Left Right

Given p(xk|z1:k) ⇡
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k+N�1 (to be

applied between k and k+N) such that Ezk+1:k+N |z1:kh(xk+N |z1:k+N ) is minimum,
with h(xk+N |z1:k+N ) the entropy of p(xk+N |z1:k+N )
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A THREE-LAYER FRAMEWORK TO
BINAURAL ACTIVE LOCALIZATION
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(C) How can Audio-Motor Localization be made “more active”?

Left Right
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Multi-step-ahead information-based feedback control
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PROBLEM STATEMENT
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Multi-step-ahead information-based feedback control

Simplifying assumptions

•   

•  

‣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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PROBLEM STATEMENT

p(xk|z1:k) ⇡ N (xk; x̂k|k, Pk|k)

zk= l̄(✓k)+vk, ✓k=�atan2(ey, ez), vk⇠N (0, Rk)

Given p(xk|z1:k) ⇡
PJk

j=1 �
j
k N

�
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j
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j
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�
, find ū⇤

N = u?
k : u⇤

k+N�1 (to be

applied between k and k+N) such that Ezk+1:k+N |z1:kh(xk+N |z1:k+N ) is minimum,
with h(xk+N |z1:k+N ) the entropy of p(xk+N |z1:k+N )

awith Rk independent of hidden (eyk, ezk)
<latexit sha1_base64="bx0RjaXQyvJvteXHA3jMM7z3Adc="></latexit>



HOW CAN AUDIO-MOTOR BINAURAL LOCALIZATION BE MADE MORE “ACTIVE”?
P. DANÈS (WITH WONDERFUL COLLEAGUES)
ICRA’19 WORKSHOP “SSL AND ITS APPLICATIONS FOR ROBOTS” - MONTREAL

 8

ONE-STEP-AHEAD SOLUTION
BASICS [AUTONOMOUS ROBOTS 2018]

In view of the UKF equations

‣  

‣  

‣  

p(xk+1|z1:k+1) ⇡ N
�
xk+1; x̂k+1|k+1, Pk+1|k+1

�
, with Pk+1|k+1 independent of zk+1

h(xk+1|z1:k+1) = a log detPk+1|k+1 + b (with a > 0) = Ezk+1|z1:kh(xk+1|z1:k+1)

(T ⇤
y , T

⇤
z ,�

⇤) = arg min
(Ty,Tz,�)2T ⇥R

h(xk+1|z1:k+1)

= arg max
(Ty,Tz,�)2T ⇥R

F1(Ty, Tz,�), with F1(Ty, Tz,�) = h(zk+1|z1:k)

and h(zk+1|z1:k) entropy of p(zk+1|z1:k)
<latexit sha1_base64="AmoUSwsRl64yF/izHg9JXQ70Bpk="></latexit>
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Facts
‣                                                          , so that

‣                   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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p(zk+1|z1:k) ⇡ N (zk+1; ẑk+1|k, Sk+1|k)

ONE-STEP-AHEAD SOLUTION
BASICS [AUTONOMOUS ROBOTS 2018]

ū?
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‣  
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h(xk+1|z1:k+1) = a log detPk+1|k+1 + b (with a > 0) = Ezk+1|z1:kh(xk+1|z1:k+1)
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(Ty,Tz,�)2T ⇥R

h(xk+1|z1:k+1)

= arg max
(Ty,Tz,�)2T ⇥R

F1(Ty, Tz,�), with F1(Ty, Tz,�) = h(zk+1|z1:k)

and h(zk+1|z1:k) entropy of p(zk+1|z1:k)
<latexit sha1_base64="AmoUSwsRl64yF/izHg9JXQ70Bpk="></latexit>
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ONE-STEP-AHEAD SOLUTION
WHY AND HOW TO MAXIMIZE                  ?h(zk+1|z1:k)

(a)
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F : (O, ~ex, ~ey, ~ez): binaural head. Measurement space: Woodworth iso-ITDs.

Sound source real position.

Confidence ellipse: current posterior head-to-source pdf.
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ONE-STEP-AHEAD SOLUTION
WHY AND HOW TO MAXIMIZE                  ?h(zk+1|z1:k)

(a) (b) (c) (d)
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F : (O, ~ex, ~ey, ~ez): binaural head. Measurement space: Woodworth iso-ITDs.

Sound source real position.

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

Next predicted state pdf, after applying Ty, Tz,� 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 ITD for the source position).
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ONE-STEP-AHEAD SOLUTION
WHY AND HOW TO MAXIMIZE                  ?h(zk+1|z1:k)

(a) (b) (c) (d)
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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
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Open-loop head translation Open-loop head rotation

Open-loop circular nonholonomic motion

ONE-STEP-AHEAD SOLUTION
LIVE EXPERIMENTS
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Open-loop head translation Open-loop head rotation

One-step-ahead optimal controlOpen-loop circular nonholonomic motion

ONE-STEP-AHEAD SOLUTION
LIVE EXPERIMENTS
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Open-loop head translation Open-loop head rotation

One-step-ahead optimal controlOpen-loop circular nonholonomic motion

ONE-STEP-AHEAD SOLUTION
LIVE EXPERIMENTS
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ONE-STEP-AHEAD PROBLEM IS SOLVED…
… SO, WHAT MAY BE WRONG?

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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Fig. 8: Simulated sound source localization for di↵erent scenarios. In the circular movement, the front direction is
tangent to the circle. The random path is generated by randomly selecting positions on admissible cylindrical set.
(a): Source position and head trajectories in the world frame (i.e., the initial frame F0). (b): Entropy decrease of
the posterior state pdf for the various motion strategies. (c,d,e,f): Interesting snapshots of the localization process
showing the binaural head (front direction in dashed red, interaural axis in dashed blue), the source (in red), and
the 99%-probability confidence ellispoids of the hypotheses constituting the Gaussian mixture belief.

5.2 Live experiments on a binaural robot

A KEMAR HATS has been mounted on a NEOBOTIX
MP-L655 nonholonomic mobile robot. In order to make
the head omnidirectional, i.e., to endow it with two
translational and one rotational degrees of freedom, the
neck of the HATS has been equipped with a homemade
controllable azimuth degree of freedom (Figure 1). Its
software architecture is based on the ROS middle-
ware. Real time components such as binaural audio
stream server or three-stage active localization have
been synthesized by means of the GenoM3 module gen-

erator (Mallet et al 2010). The supervision task which
manages the program, plots and saves the results, is
performed by a MATLABr client. The experiments have
been conducted in an open-space 15m⇥ 5m⇥ 8m area
delimited by dividing walls made of resin, so that re-
verberation e↵ects were limited.

The results of the audio-motor localization for sev-
eral motion strategies as well as the genuine position
of the source measured by a real-time motion cap-
ture system—with ±0.1mm accuracy—are displayed
on Figure 9. A translation along the interaural axis re-
duces the uncertainty on the distance to the source but
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Given p(xk|z1:k) ⇡ N
�
xk; x̂k|k, Pk|k

�
, find the value of ūN = uk : uk+N�1

which minimizes JN (ūN ) = Ezk+1:k+N |z1:kh(xk+N |z1:k+N )

N-STEP-AHEAD SOLUTION
BASICS [IROS’2017]



HOW CAN AUDIO-MOTOR BINAURAL LOCALIZATION BE MADE MORE “ACTIVE”?
P. DANÈS (WITH WONDERFUL COLLEAGUES)
ICRA’19 WORKSHOP “SSL AND ITS APPLICATIONS FOR ROBOTS” - MONTREAL

Some important (and muuuuch more tricky) facts

•  

• By the Unscented Transform,

• Finally,

• Solution by means of the projected gradient algorithm 
‣ automatic differentiation: dual numbers algebra

 14

ū?
N = arg min

ūN2(T ⇥R)N
JN (ūN ) ⇡ arg max

ūN2(T ⇥R)N
F1(ū1)+

NX

i=2

2(i�1)+1X
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h
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i
⇡
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v + "d, "2 = 0
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�
NX
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h
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i

| {z }
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�
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which minimizes JN (ūN ) = Ezk+1:k+N |z1:kh(xk+N |z1:k+N )

N-STEP-AHEAD SOLUTION
BASICS [IROS’2017]
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N-STEP-AHEAD SOLUTION
SIMULATED EXPERIMENTS



HOW CAN AUDIO-MOTOR BINAURAL LOCALIZATION BE MADE MORE “ACTIVE”?
P. DANÈS (WITH WONDERFUL COLLEAGUES)
ICRA’19 WORKSHOP “SSL AND ITS APPLICATIONS FOR ROBOTS” - MONTREAL

 16

N-STEP-AHEAD SOLUTION
MONTE CARLO ANALYSIS
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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)

 17

CONCLUSION
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PhD / PostDoc position can be opened by Fall 2019

• Incorporation of ML / stochastic / optimization methods to address

‣Multiple sources

‣ Unanechoic/Dynamic environments

‣ Incorporation of other sensing modalities

‣ etc.

 18

PROSPECTS

THANK YOU!

PATRICK DANÈS
AND MANY THANKS TO MY COLLEAGUES!
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Contour lines w.r.t translations for a given subsequent rotation

• Contour lines (warm=high,cold=low)  
of                   w.r.t.           when  
followed by the rotation

• Red frame: sensor in the initial position

• Red circle: 

• Blue frame: orientation of the head 
if a zero translation were applied

• Initial estimate of the head-to-source  
position            
and 99%-probability confidence 
ellipsoid associated to
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4.3 Iso-entropy contour lines for azimuth based
exploration

This section considers the following observation model

zk = ✓k + vk, zk 2 R, vk ⇠ N (0, Rk). (13)

Note that observing azimuth measurements contam-
inated with constant-variance noise is unrealistic in
practice. Indeed, when extracting azimuth measure-
ments from the binaural stream, the associated uncer-
tainty is the smaller (resp. all the bigger) as the sound
source emits from the front (resp. interaural) axis. Nev-
ertheless, this case has been included because it enables
a verification of some intuitive features.

The iso-z loci corresponding to equispaced values of
the azimuth measurements are equiangular radial lines
passing through O . The confidence cones associated to
any measured azimuth then have the same width—they
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zk=✓k+vk, ✓k=�atan2(ey, ez), vk⇠N (0, Rk)

zk= l̄(✓k)+vk, ✓k=�atan2(ey, ez), vk⇠N (0, Rk)Remember that


