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Sensory Sensory
Combination Integration

M. Ernst & M. Banks, Nature 2002
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Rock & Victor (Science, 1€

Looking at an object through a distortion
lens while touching the object.

Irv Rock

Discrepancy between visual and haptic form.
Which form is perceived? > Visual Capture
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Visual-haptic Setup
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Proportion Trials Perceived "taller"
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Proportion Trials Perceived "taller"
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Proportion Trials Perceived "taller"
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Visual-Haptic Integ

Humans integrate visual and haptic
information in a statistically
optimal fashion

Marc 0. Ernst* & Martin S. Banks (2002)

Vision Science Program/School of Optometry, University of California, Berkeley
94720-2020, USA

Nature 415, 429-433 (2002)

----------------------------------------------------------------------------------------------------------------------------------------------

® Signals are weighted according to their reliabilities
® Integration reduces variance (increases reliability)
® Online representation of signal and its reliability
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Sensory
Combination

Sensory
Integration

M. Ernst & M. Banks, Nature 2002

Assumptions:
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* signal correspondence (redundancy)

e unbiased

» Learning!!!




Modelling Integration
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Independence Partial Fusion Fusion
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Exp. Procedure Outlin€

» Use two arbitrary sensory cues // \
CRT

that are usually uncorrelated in
the world (luminance and TR J
/line of sight

stiffness) and train subjects in
an environment where these two
cues are artificially correlated.

» Does training with correlated cues
affect discrimination performance?

» Two factor design: Compare
pre- vs. post-test performance for
the congruent and incongruent
directions (relative to training).

'
-
LAY
o®?

force-feedback

virtual scene device

Ernst, Journal of Vision 2007
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Discrimination Task

three interval oddity task discrimination space

independent

Query subject for
odd stimulus

Standard again (intervals
randomly presented)

Comparison containing different
luminance and/or stiffness

jard

Standard stimulus with certain luminance
and stiffness

Ernst, Journal of Vision 2007
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Independence Partial Fusion Fusion
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Independence Partial Fusion Fusion
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Co-occurrence StatisticS

fingertip o5
\p- oy
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() (What if a conflict is persistent,
I.e, signals are biased?
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Hermann von Helmholtz
(1821-1894)

/i) - ,
Seeing the hand through a distortion lens

Herbert Pick Jr. » Visual and proprioceptive representation in conflict!
M How to adapt this systematic error?
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Pointing to Target
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Pointing to Target
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Pointing to Target
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Pointing to Target
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Pointing to Target
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Pointing with Prism Shift
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Pointing with Prism Shift

Mittwoch, 10. November 2010



Pointing with Prism Shift
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Pointing with Prism Shift
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Pointing with Prism Shift
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Prism Aftereffect
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Prism Aftereffect
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Prism Aftereffect
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Prism Aftereffect
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Prism Aftereffect
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Visuomotor Adaptation - Mk;‘(/-.. -

adaptation profile

normal pointing with prism after prism removal
(Phase I) (Phase II) (Phase III)

adaptation

baseline

aftereffect

pointing error
(AX = target - impact)

No. of pointing movements
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Problem!

measurement noise wrong prediction or model
(random noise / reliability) (systematic bias / accuracy)

O

when an error is detected,
what is its cause?

CC

Burge, Ernst & Banks, J. of Vision 2008
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Kalman Filter

measurement prediction
z+ = measured conflict Xt- = expected conflict
02z = measurement uncertainty a2x = uncertainty of expectation
\ / :
op op
2 > =W, W= "3 2
O, + 0, O, + 0,
o, ) Kalman Gain
/\:,: “"‘ /\ £t+ — Wxit_ + Wzé\t KZI/G%/ , 1/ ,
XN =Xx_+K(z,—x_) (/o;+1/c))
Zi X, Xi.

optimal estimate of current bias!

Burge, Ernst & Banks, J. of Vision 2008
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Weighting Example
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AR R L AR L measurement uncertainty (0%;) => large
Deam NTE a8 ¥, adaptation => slow
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Adaptation Profile

A
10 |--------- | = _l _________ feedback conditions
(three reliability levels)
c =4°
= o =32°
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©
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©
= | |
>
< | |
10 |_Phase | , Phase Il Phaselll
0 30 60 90 o = 48°
No. of Trials
* Reliability of the feedback signal determines adaptation rate!
* The reliability of the signals has to be known to the

perceptual system!

Burge, Ernst & Banks, J. of Vision 2008

Multisensory Learning Marc O. Ernst GDR Robotique, Paris - 2010
Mittwoch, 10. November 2010




Weighting Example

7 ® A A
q) — A — A A
T| @ Je° ® 0% 00 o0 00 Xl |® % | |7 X T WX WL,
“ o ® %" e o0 o0 “ O0%x 0% =x_+K(z,—x,)
nr. of trials '
£l v = e e measurement uncertainty (0%;) => large
Glat TS a8 ¥ adaptation => slow
nr. of trials ' % 1
- 2/ 2
1+O’Z/O'x
A .: .‘ .
o \® P / .
c| 2 o .,: ® ‘. :.’ ! é ".9_ process uncertainty (0%) => large
"l e ¢ o . _
é o \ v 7 adaptation => fast
. >
nr. of trials

Burge, Ernst & Banks, J. of Vision 2008
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Stable World
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Unstable World
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Summary: Recalibratio #/ | |
y ) S Y, b ,‘;

» Adaptation rate depends on reliability of visual feedback.
=2 unreliable = slow adaptation

» Adaptation rate depends on uncertainty in predicting the
wold state.

=P uncertain = fast adaptation

» In first approximation the Kalman-Filter as an ,,ideal

observer® is a good predictor for human adaptation
performance.

Burge, Ernst & Banks, J. of Vision 2008
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From Integration to Re

likelihood
MLE: S,
o
Y bias
S
A
t=1
- | - | | ¥
- Are biases unnatural and
X | | u |
something artificial?
t=2 "
s 4
t=3
- S B

Multisensory Learning

Marc O. Ernst

Di Luca, Machulla
& Ernst, J. of Vision
2009

Ernst & Di Luca
(in press)

GDR Robotique, Paris - 2010
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“Do people really walk in circles if they lose
their way in the desert, and, if so, why?”

Mittwoch, 10. November 2010

Souman, Frissen, Sreenivasa & Ernst, Current Biology (2009)



Common belief

John Tolkien, The Two Towers
Mark Twain, Roughing it

Leo Tolstoy, Master and Man

THE " TWO TOW'E RS

THE JOURNEY CONTINUES
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Common belief

JRICHARD ATTENBOROUGH
f

- \ .‘.
!
't

The Flight of the Phoenix

Laurel & Hardy, Beau Hunks

- ﬂgﬁoﬁwnﬁ Blair Witch Project

W@Q\”M

' mx}.
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Wie kommt nur dieser Doktor l Oh! Was ist das?... || § Struppi, eine Autospur!... | | Es konnte ein Jeep
Muller hierher? Weshalb hat er Das muB ich mir Wir haben Glick! sein ... Sand und
die Olleitung gesprengt? Wes- naher ansehen. L J| || Steine sind in diese
halb hat er mich verschont, als
ich ihm wehrlos ausgeliefert war?
Ich verstehe das alles nicht!

Richtung geschleu-
dert, also fuhr der

Wagen dorthin! Auf,

i, ihm nach! B

R—
T Oia!\/ielleich!1
==l gar eine Auto-
~ & -| " buslinie!

|

Anecdotes

—— — — —_—) e
Muller lassen wir einstweilen ruhig Gerettet. mein Lieber! .. . Sieh mal —
weiterreiten. ' gine Autoc.puf'
' I \\__] Du hast recht! . .. Diesmal
- > __| ist es keine Fata Morgana
————— " ;

PEP—— — , o = e o

Wir brauchen nur noch dieser Spur | Und eine Stunde spiter . . . Wirklich groBartig, daB wir

zu folgen . .. Hochst einfach! e —= =
—\§ Da! Eine zweite Spur! Ein andere
Wagen folgt dem ersten., .,

\\ l sagen csl_,S ist e'infach
groBaruig!
AN R

| Ich wirde sogar

!

j diese Spur entdeckt haben!
r

Nocdh cine Stunde spater . . . Nadh etlichen Stunden . . . Wir ndhern uns sicher einer Stadt . . . Halt!
Und da!...Eindritter || [ Noch eine! . .. Das ist Was liegt denn da auf dem Weg?
Wagen! Wir befinden uns | schon die siebte Spur!

in einer ganz belebten || | =,
Gegend! | 5

Guldberg (1897)
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Desert Walks

Task:
- Condition:

Measurements:

Jan Souman, llja Frissen, Manish Sreenivasa, Marc Ernst, Current Biology (2009)
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Forrest \Walks

. - - N a— - - - .

Task:

keep walking in the
direction indicated at
the beginning of the
walk

> _—

’
“.‘l.. »
\“ - ’\
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o

- .‘.,.... -
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e . '-\. ...-'-
- ..".. '- : |
w3 t

i

’
/“a
.
el N
. A 3

Conditions:
sunny / cloudy
*4 hours

*no navigational
instruments

Measurements:
GPS data (1Hz;
accuracy ~3m)

Jan Souman, llja Frissen, Manish Sreenivasa, Marc Ernst, Current Biology (2009)
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OEFENTERREIN
LEVENSGEVAARLIJK

DIT TERREIN IS GEVAARLLX WANNEER OP DIT BORD
OF OP DE TOREN EEN RODE YLAG IS GEPLAATST

PAS OP

MLITAR 1 "warNUNG

SIE BETRETEN EIN SCHIESZGEBIET FUR
mmwm
MARKIERT MIT ROTEN FAHNEN
BETRETEN IST LEBENSGEFAMRLICH UND VERBOTEN

WARNING

YOU ARE APPROACHING AN AIRCRAFT GUNNERY RANGE
WHEN IN USE THE DANGER AREA IS MARKED




Walking blindfolded ...

.... as straight as possible!!!
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Walk blindfolded ...

-600 -300 -200
X (m)

spirals and circles with diameters less sometimes less than 15 m

Souman, Frissen, Sreenivasa & Ernst, Current Biology (2009)
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Walking blindfolded

e |
s KS
N e My
S CJ
. B MY
-¢—.I—|-~ PS
= . VM
- s
-' L PZ
++++++++++++++ * AY
++++++++ . y
100 m | _ | "
d _,_F SK
KB 4 - | "
— KB
100 m L SM

-12-10 -8 6 4 -2 0 2 4 6 8
— left Direction change (deg/m) right —

Souman, Frissen, Sreenivasa & Ernst, Current Biology (2009)
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Accumulation of Noise

(deg/s)

Curvature

100 m ¥ IR i
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01~N(0;x) * The vestibular system accumulates noise when

integrating acceleration into a direction estimate

Souman, Frissen, Sreenivasa & Ernst, Current Biology (2009)
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Recalibration
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Recalibration

the higher the curvature
before the break the more it
IS corrected after the break
-> recalibration
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Souman, Frissen, Sreenivasa & Ernst, Current Biology (2009)
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Accumulation of Noise

O‘; - 02 + 63 ;
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(deg/s)

91=91+63
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Curvature

100 m | I VT T
o 0 10 20 30 40 50
Time (min)
d 0, =9,
| 8;~N(0,k)  The vestibular system accumulates noise when

integrating rotation rate into a direction estimate.

* This bias is automatically calibrated when external
directional cues, e.g. from vision or touch, are available.

Multisensory Learning Marc O. Ernst GDR Robotique, Paris - 2010
Mittwoch, 10. November 2010



ll-sl'f’l rray Bosrd

-
- - - -
-

( L =" 4 Tursteble
- =~ l

2D~ TREADMILL

Nagamori,Wakabayashi, & Ito (2005)

DRIVE A: TURNTABLE
DRIVE B: TRANSMISSION RELT

Ernst, Bulthoff, & Gotz (2003)

Mittwoch, 10. November 2010



CbavWalA

1?2

i’«’/ ) )[‘;

Mittwoch, 10. November 2010



CyberWal
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Conclusions

e The brain integrates multisensory information in a
statistically optimal fashion, taking the variance of the
signals into account.
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Thank you !!!
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Integration Model

Likelihood X Prior o Posterior
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