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d e f g h i j k l m n o j p l q r l s n r l o t u n s k g h l v g o g w h n x x m g s n j g w h o k n v l w p j l h y l l h k n u x l f l r y z j k l h l l r
w p x f w s l o o g h i k e i l n u w e h j o w p r n j n { | k g o m l r j w j k l s w u u w h y l m g l p j k n j j k l u n } w f y w j j m l h l s ~ g h
o w m v g h i x f w y m l u o g h v g o g w h q n o j k l s w u x e j g h i x w q l f n h r g u n i l n s � e g o g j g w h p n s g m g j g l o � � � � { � l j t
w h m z n o u n m m p f n s j g w h w p j k l f n q g u n i l r n j n u n z y l f l m l v n h j j w j k l j n o ~ n j k n h r { | k n j g o t v g o g w h
o z o j l u o e o e n m m z r w h w j h l l r j w e h r l f o j n h r j k l o s l h l o q g j k q k g s k j k l z r l n m t y e j j k l z w h m z h l l r
j w l � j f n s j j k l g h p w f u n j g w h f l � e g f l r j w n s s w u x m g o k o x l s g � s j n o ~ o � � � { | k l g r l n w p n o z o j l u j k n j
x e f x w o g v l m z o l m l s j o n u w h i v g o e n m r n j n j k l f l m l v n h j g h p w f u n j g w h n h r g i h w f l o g f f l m l v n h j r l j n g m o g o
s w u u w h j w o l v l f n m f l s l h j m z x f w x w o l r u n s k g h l v g o g w h x n f n r g i u o � l { i { � � t � � � t n h r g j g o s f e s g n m
q k l h n f l n m j g u l x l f p w f u n h s l g o f l � e g f l r {

� x l s g � s u l s k n h g o u o p w f r n j n f l r e s j g w h n h r o l m l s j g w h n f l n m o w x f l o l h j n j r g � l f l h j m l v l m o w p j k l
k e u n h v g o e n m o z o j l u t n h r x m n z n u n } w f f w m l j w r f n u n j g s n m m z o g u x m g p z v g o e n m s w u x e j n j g w h o { � j j k l
l n f m g l o j o j n i l w p v g o g w h t j k l x n f j g s e m n f m n z w e j w p j k l f l s l x j w f o w p j k l f l j g h n � q k g s k n f l w f i n h g � l r
g h j w n � � � � � � � � � � � � � o n u x m g h i o j f e s j e f l g h s m e r g h i n k g i k � f l o w m e j g w h t o u n m m s l h j f n m � � � � � t n h r n
� � � � � � � � � q k w o l f l o w m e j g w h m g h l n f m z r l s f l n o l o q g j k l s s l h j f g s g j z � n m m w q o p w f n i w w r s w u x f w u g o l
y l j q l l h o x n j g n m n s e g j z n h r � l m r w p v g l q �   � � { | k l u l s k n h g o u o w p � � ¡ � � � � � � � � � � � � � � � t q k g s k n m m w q
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p w f o l m l s j g v l m z x f w s l o o g h i o g u e m j n h l w e o o w e f s l o w p v g o e n m g h p w f u n j g w h t n s j n j m n j l f o j n i l o w p k e u n h
v g o g w h { � z u l n h o w p n j j l h j g w h t s w u x e j n j g w h n m f l o w e f s l o n f l n m m w s n j l r j w j k l x f w s l o o g h i w p r n j n
g h s m e r l r g h j w n m g u g j l r l � j l h j � � � � ¡ � � � � � j k l o x w j m g i k j s n h y l o k g p j l r j k f w e i k j k l v g o e n m � l m r n h r
s n h v n f z g h o g � l � � � t � � � { d e l j w j k l o x n s l � v n f g n h j o j f e s j e f l w p j k l f l j g h n t v g o e n m l � x m w f n j g w h
g h k e u n h o w s s e f o y z n s j g v l m z o k g p j g h i j k l � � n j g w h x w g h j t o w n o j w l � x m w g j j k l k g i k � f l o w m e j g w h
s n x n y g m g j g l o w p j k l p w v l n �   � � { � n � l s w h j f w m g o u n g h m z x f w v g r l r y z n j j l h j g w h n m u l s k n h g o u o �
l v l h g p g j k n o y l l h o k w q h j k n j j k l o x w j m g i k j s n h y l v w m e h j n f g m z o k g p j l r g h r l x l h r l h j m z w p l z l
� � n j g w h o � � � � { � o n m f l n r z k z x w j k l o g � l r g h � � � � y z � g m m g n u � n u l o t n j j l h j g w h s n h y l r f n q h y w j k
y z j k l � � � � � � � n h r � � 	 � � � � � s k n f n s j l f g o j g s o w p n v g o e n m o j g u e m e o � � � � {

d e l j w j k l p n s j j k n j j k l x f w s l o o g h i x w q l f w p s e f f l h j s w u x e j l f o g o o j g m m y z p n f m w q l f j k n h
j k n j w p j k l y f n g h t g u x m l u l h j g h i o g u g m n f u l s k n h g o u o g h u n s k g h l v g o g w h g o l � j f l u l m z g u x w f j n h j
j w q n f r o j k l r l v l m w x u l h j w p l � l s j g v l t f l n m j g u l o z o j l u o {


 l s l h j m z t j k l o x n s l � v n f g n h j o j f e s j e f l w p j k l k e u n h f l j g h n k n o f l s l g v l r j k l g h j l f l o j w p j k l
f l o l n f s k s w u u e h g j z t n h r n h e u y l f w p n x x m g s n j g w h o y n o l r w h g j o o g u e m n j g w h o k n v l y l l h r l �
o s f g y l r �   � t � � � { � e f j k l f u w f l t n k n f r q n f l o l h o w f u g u g s ~ g h i j k l i l w u l j f z w p j k l k e u n h l z l
k n o y l l h r l o g i h l r n h r r l v l m w x l r t n h r g j k n o y l l h n x x m g l r j w y g r g u l h o g w h n m x n j j l f h f l s w i h g j g w h
n h r u w j g w h l o j g u n j g w h �   � t     t    � { � p l q n f s k g j l s j e f l o k n v l n m o w y l l h x f w x w o l r t q k g s k n j j l u x j
j w f l x m g s n j l o l m l s j g v l n j j l h j g w h g h u n s k g h l v g o g w h o z o j l u o t y z j k l e o l w p u e m j g � f l o w m e j g w h g u n i l
r n j n o j f e s j e f l o t w f � � � � 	 � � � � � � t � t � � � { d n j n o l m l s j g w h q g j k o e s k k g l f n f s k g s n m o j f e s j e f l o g o j k l
f l o e m j w p n s w n f o l � j w � � h l o l n f s k j k f w e i k s l f j n g h x n j k o w p j k l x z f n u g r o � � t � � t � � � { � m o w j k l s w h �
s l x j w p � � ¡ � � � � � 	 � � � j k n j g o n j w x w i f n x k g s n m u n x q k g s k s w u y g h l o g h r g v g r e n m o l h o w f z w e j x e j o
g h j w n i m w y n m u l n o e f l w p n j j l h j g w h n m s w h o x g s e g j z t n o � f o j r l � h l r g h � � � � y z � w s k n h r � m m u n h
� � � � � k n o y l l h p w e h r e o l p e m p w f j k l g u x m l u l h j n j g w h w p n j j l h j g v l o z o j l u o g h f w y w j g s o � � � {

� w p n f t f l o l n f s k w h n j j l h j g w h g h u n s k g h l o k n o y l l h y n o l r w h j f n r g j g w h n m k g i k � f l o w m e j g w h
s n u l f n o t j k e o h w j l � x m w g j g h i j k l p e f j k l f r n j n f l r e s j g w h n r v n h j n i l o n s k g l v n y m l y z o x n s l � v n f g n h j
o l h o g h i { � e f j k l f u w f l t n x n f j p f w u o w u l o x l s e m n j g v l s w h o g r l f n j g w h o t j k l q w f ~ k n o y l l h p w s e o l r
l g j k l f w h j k l o l h o w f z � � � � � � 	 � � � � w f j k l o l u n h j g s � � � � � � � � � � s k n f n s j l f g o j g s o w p j k l g h x e j r n j n t
q k g m l j k l g f s w u y g h l r e o l g h j w n o g h i m l n f s k g j l s j e f l k n o y l l h h l i m l s j l r {

� h j k g o x n x l f t j k l g h j l i f n j g w h w p o l m l s j g v l n j j l h j g w h u l s k n h g o u o n h r o x n s l � v n f g n h j o l h o g h i
j w q n f r o j k l r l v l m w x u l h j w p n f l n m � j g u l n h j k f w x w u w f x k g s v g o g w h o z o j l u g o x f w x w o l r { | k l p w s e o
k l f l g o w h u l f i g h i y w j k o l u n h j g s n h r o l h o w f z s e l o g h w f r l f j w n s k g l v l n s j g v l i n � l s w h j f w m
q g j k n f w y w j g s � k l n r { � | k l n f s k g j l s j e f l g h s m e r l o n o g u x m g � l r o n m g l h s z u n x t q k g s k g o n s j g v n j l r
o g u e m j n h l w e o m z y z y w j j w u � e x n h r j w x r w q h s e l o t n o f l o e m j g h i p f w u n x n f n m m l m n h r n o l f g n m n h n m z o g o
w p j k l v g o e n m g h x e j t f l o x l s j g v l m z {

| k l o z o j l u g o r l o g i h l r o w n o j w n j j l h r j w r g � l f l h j v g o e n m j n o ~ o t n h r j w s k n h i l j k l q n z g j
g h j l f n s j o q g j k j k l l h v g f w h u l h j r l x l h r g h i w h j k l u { | k l o z o j l u g u x m l u l h j n j g w h g o y n o l r w h
n k z y f g r n f s k g j l s j e f l t g h s m e r g h i h l e f n m h l j q w f ~ n h r s w h v l h j g w h n m g u n i l n h n m z o g o j l s k h g � e l o t
o e s k n o w x j g s n m � w q n h r l r i l l � j f n s j g w h { | k n h ~ o j w g j o g h j f g h o g s u w r e m n f g j z t j k l n f s k g j l s j e f l g o
o e g j n y m l j w y l l � x n h r l r o w n o j w g h s m e r l r g � l f l h j j n o ~ o n h r j w y l n r n x j l r j w w j k l f f l � e g f l u l h j o {
� h j k l x f l o l h j g u x m l u l h j n j g w h t x n f j g s e m n f g h j l f l o j k n o y l l h r l v w j l r j w u w j g w h s e l o n j j k l o l h o w f z
m l v l m n h r j w w y } l s j f l s w i h g j g w h n j j k l o l u n h j g s m l v l m t o w j k n j j k l k l n r g o n y m l j w p w v l n j l w h n h r
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l � x m w f l u w v g h i w y } l s j o t q k g s k s n h y l � h n m m z f l s w i h g � l r n o p n f n o j k l z n f l n m f l n r z ~ h w q h j w j k l
o z o j l u {

� o j k l i w n m w p j k l o z o j l u g o j w s w h j f w m j k l u w j g w h w p j k l o l h o w f o g h n s s w f r g h i j w n x f l r l � h l r
j n o ~ t j k l n f s k g j l s j e f l x f w x w o l r g h j k g o x n x l f s n h y l g h s m e r l r g h j k l � � � � � � � � � � � � x n f n r g i u � � t   � {

| k l x n x l f g o w f i n h g � l r n o p w m m w q o � g h o l s j g w h � j k l o z o j l u n f s k g j l s j e f l g o x f l o l h j l r n h r
j k l w f l j g s n m g o o e l o n f l r g o s e o o l r t j k l h g h o l s j g w h   g u x m l u l h j n j g w h r l j n g m o n f l i g v l h n h r j k l
f l o e m j o w p n o g u e m n j g w h w p j k l o z o j l u y l k n v g w f n f l r l o s f g y l r { � g h n m m z t g h o l s j g w h � s w h s m e o g w h o
n f l r f n q h {

� � � � � � � ] � � � ^ b � c ] � b ] a ^ �

� i l h l f n m o s k l u l w p j k l o z o j l u n f s k g j l s j e f l g o o k w q h g h � g i { � { | k l n f s k g j l s j e f l g o s w u x w o l r
w p n f w y w j g s k l n r g h s m e r g h i f l j g h n � m g ~ l o l h o w f o t j q w u w r e m l o w p v g o e n m n h n m z o g o n h r n h n j j l h j g w h
s w h j f w m m l f { � y n o g s n o o e u x j g w h w p j k g o o s k l u l g o j k n j o k g p j o w p n j j l h j g w h n f l n m q n z o n s s w u x n h g l r
y z s w f f l o x w h r g h i u w v l u l h j o w p j k l o l h o w f o t j k n j g o � � � � � � � � � � � � � ¡ � � � � ¡ � � � � � � 	 � � � � � � � � � � � � �
� � � � � � � � { � o n f l o e m j t s w h j f w m m g h i n j j l h j g w h g u x m g l o n m o w i n � l s w h j f w m {

| k l o z o j l u g o w f i n h g � l r n o n m w w x { | k l f n q g u n i l r n j n s w u g h i p f w u j k l q k w m l v g o e n m � l m r
w p j k l o x n s l � v n f g n h j o l h o w f o n f l n h n m z � l r y z n � � � � ¡ ¡ � ¡ � � � � � � � � � � 	 � � � ¡ � t n h r n o l j w p o n m g l h j
m w s n j g w h o w p j k l g u n i l o x n s l � � � � � � � � � � � � � q k g s k n f l s n h r g r n j l o p w f r f n q g h i n j j l h j g w h n f l
x f w r e s l r { � j j k l o n u l j g u l t j k l v g o e n m f l i g w h g h s m e r l r g h j w j k l n j j l h j g w h n m o x w j m g i k j g o n h n m z � l r
y z n � � � � � ¡ � � � � � � � � � � 	 � � � ¡ � t q k g s k x f w r e s l o � � 	 � � � � � � � � � n o j k l f l o e m j w p ~ h w q m l r i l � y n o l r
l � x l s j n j g w h o { | k l h t j k l n j j l h j g w h s w h j f w m m l f s w u y g h l o s e f f l h j x f w x f g w s l x j g v l r n j n n h r o n m g l h j
s e l o o w n o j w n s j g v n j l t n m o w w h j k l y n o g o w p j k l s e f f l h j j n o ~ t n o g u x m g � l r v l f o g w h w p j k l o n m g l h s z
u n x { � n � l r g f l s j g w h g o o l m l s j l r n o j k l u n x m w s n j g w h q g j k u n � g u e u n s j g v n j g w h {

� j g o q w f j k h w j g h i j k n j t n o p n f n o n j j l h j g w h s w h j f w m g o s w h s l f h l r t h w p w f u n m r g o j g h s j g w h g o u n r l
y l j q l l h o l h o w f z n h r o l u n h j g s s e l o { | k l o l j z x g s n m m z n m j l f h n j l g h r f n q g h i n j j l h j g w h { � h p n s j t n p j l f
j k l r l j l s j g w h n h r m w s n m g � n j g w h w p n o l h o w f z f l m l v n h j f l i g w h w p j k l v g o e n m � l m r t u w v l u l h j o w p j k l
l z l o x m n z n h g u x w f j n h j f w m l p w f g j o n h n m z o g o n h r s m n o o g � s n j g w h {

� h e u y l f w p j k l w f z w p v g o e n m f l s w i h g j g w h k n o y l l h x f w x w o l r t y n o l r w h j k l o l � e l h s l w p i n � l
r g f l s j g w h o � � � t �  t   � � { � s s w f r g h i j w j k l o l j k l w f g l o t j k l o z o j l u x l f p w f u o f l s w i h g j g w h y z o l f g n m m z
m w w ~ g h i n j r g � l f l h j x n f j o n h r p l n j e f l o w p j k l l � n u g h l r w y } l s j { | k l g r l h j g � s n j g w h w p n p l n j e f l
q k g s k s k n f n s j l f g � l o n ~ h w q h w y } l s j s n h o j g u e m n j l j k l o z o j l u j w m w w ~ g h r g � l f l h j r g f l s j g w h o
o l n f s k g h i p w f w j k l f p l n j e f l o w p j k n j w y } l s j t o w n o j w y l j j l f n o o l o o w y } l s j g r l h j g j z { | w j k g o n g u t
j k l o z o j l u g h s w f x w f n j l o n p f n i u l h j n f z f l x f l o l h j n j g w h w p j k l w y } l s j o j w f l s w i h g � l {
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Attention
Control

Cues
Sensory

Cues
Semantic

Head and sensors

Analysis
Parallel

Analysis
Serial

Visual Data

Gaze Direction

Task

Proprioceptive Data
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Transformation

Retinal Plane

Cortical Plane

� g i e f l   � � � n u x m l w p f l j g h n � m g ~ l o l h o g h i { | k l w y } l s j o g u n i l r g h j k l f l j g h n m x m n h l � n s w w ~ g l � y w �
n h r n u g h g � f w y w j � e h r l f i w n o j f w h i r l p w f u n j g w h n p j l f j k l m w i � x w m n f j f n h o p w f u n j g w h j k n j u n x o
j k l u g h j w j k l s w f j g s n m x m n h l { 2 w j g s l n m o w j k n j g u n i l r l i f n r n j g w h g o g h s f l n o g h i m z k g i k l f u w v g h i
w e j q n f r o p f w u j k l p w v l n {

‘h’: head frame

δ

Z

‘e’: eye frame

2    = field of view

f =  focal length

e

eZ

eX

hZ

hY

hX

eY of gaze
next direction

F

φ

θ

optical axis

sensor

sensor

F

δδ

F = focus of projection

f
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To attention
control

Sensory feature A Sensory feature B Sensory feature C

Winners
Sensory cue

Retinal periphery
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level L

level L+1

pyramidal

subsampling

log-polar mapping

γ

ξ

Cortical plane Retinal  plane
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Dog

Left leg
Head

Right leg

Unit
Reference

X   ,Y   ,D

X   ,Y   ,D
X   ,Y   ,Dc

aa a

c c
b b b
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Selection
Feature

Pyramid
Edge

Winner Take All

Attentional Icon

Network
Locating

X Y D

Matching
Network

Feature
Units

Units
Object
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X
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