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Contrast gain & response gain

Reynolds, Pasternak, & 
Desimone, Neuron, 2000

Williford & Maunsell, 
J Neurophysiol, 2006
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No stimulus in 
receptive field: 

no response

Non-preferred stimulus: 
no response

Preferred stimulus: 
large response

Orientation selectivity model



Response saturation and phase advance

25%

50%

0 154
0

Time (ms)

R
e

s
p

o
n

s
e

 (
s
p

/s
)

100%

12.5%

2

5

10

20

50

100

A
m

p
lit

u
d

e
 (

s
p

/s
)

5 10 20 50 100
-90

-45

0

Contrast (%)

R
e

la
ti
v
e

 p
h

a
s
e

 (
d

e
g

)

Time (ms)

Re
sp

on
se

 (s
p/

s)

Contrast (%)
Re

la
ti

ve
 p

ha
se

 (d
eg

)
A

m
pl

it
ud

e 
(s

p/
s)

Carandini, Heeger & Movshon, J Neurosci, 1997



10 20 50 100

0.5

1

2

5

10

20

50

Contrast of grating 1 (%)

R
es

po
ns

e 
A

m
pl

itu
de

 (
sp

/s
)

10 20 50 100

Contrast of grating 2 (%)

6.25%

25%

50%

6.25% 25%

0%

50%

613
0

76

Time (ms)

R
es

po
ns

e 
(s

p/
s)

0%

0

Carandini, Heeger & Movshon, J Neurosci, 1997

Masking



Other cortical cells

Gain control in visual cortex by divisive normalization

Firing rate

Rectification

Retinal image

DivisionLinear weighting function

Normalization model

normalized
response

unnormalized response

unnormalized
responsesΣ +  σ

=

Heeger, Vis Neurosci, 1992



Reynolds & 
Desimone, 
Neuron, 2003

Normalization in V4

Time from Stimulus Onset (ms)

Figure 2

Preferred Stimulus Alone
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Cavanaugh, Bair & Movshon, J Neurophysiol, 2002

Surround suppression & normalization
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Normalization model of attention
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R = α γ c
γ c +σ

= α c
c +σ / γ

R = α c
c +σ
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γ > 1
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Spatial attention scales tuning curve
McAdams & Maunsell, 

J Neurosci, 1999

One stimulus  within 
receptive field and the 
other contralateral.

Model
A B C

1.0

N
o
rm
a
liz
e
d
R
e
s
p
o
n
s
e

0.5

0.0

N
o
rm
a
liz
e
d
R
e
s
p
o
n
s
e

Figure 5

Attention
Field

Stimulus Ignored Attended
Receptive
Field

A B C
1.0

N
o
rm
a
liz
e
d
R
e
s
p
o
n
s
e

0.5

0.0

N
o
rm
a
liz
e
d
R
e
s
p
o
n
s
e

Figure 5

Attention
Field

Stimulus Ignored Attended
Receptive
Field

R(c,θ) = αR(c)R(θ)
Separable function of contrast and 
orientation; change in response gain or 
contrast gain affects only R(c).



Treue & Martinez-Trujillo, 
Nature, 1999
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Model

Two stimuli moved same direction on each 
trial, one within receptive field, and other 
in opposite hemifield. Attend fixation or 
attend same motion in opposite hemifield.

Featural attention can sharpen tuning 
curves 

R(θ) = αA(θ)E(θ)

Attention 
field

Excitatory 
drive



Attention can increase or decrease 
gain (selection)

Martinez-Trujillo & Treue, 
Curr Biol, 2004 Model

Two stimuli within receptive field. 
One moved in non-preferred 
direction. Other direction varied. 
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Rf (θ) = αE(θ) / (k +σ )

Rn (θ) = αE(θ) / (γ k +σ )

Rv (θ) = αA(θ)E(θ) / (γ k +σ )



Bayesian inference
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