
Computational Vision

• Finish fundamentals of 
primate vision cont’d


• Start retina and LGN

Foundations



Fact #1

Ventral (and dorsal) stream of the visual cortex produces 
a visual representation that is increasingly complex and 
invariant



• Ss get the gist of a scene from 
ultra-rapid image presentations

- No time for eye movements

- No top-down / expectations


• Coarse initial base representation

- Enables rapid object 

categorization

- Does not require attention

- Sensitive to background clutter 

- Insufficient for object localization

Rapid presentation 
paradigms

Potter 1971; Biederman 1972; Thorpe et al 1996; Li et al 2002; Evans & Treisman 2005; Serre et al 2007;  
see Fabre-Thorpe 2011 for review

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Fabre-Thorpe%20M%5Bauth%5D


Rapid categorization: 
Behavior
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Cauchoix Crouzet Fize & Serre (unpublished)



Humans animalness
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Feedforward 
processing

Ventral visual stream
Image source: DiCarlo

Button release 
and touch screen 
on targets  

Cauchoix Crouzet Fize & Serre (unpublished)



Feedforward processing
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Fact #2

Rapid categorization is possible in the near absence of 
cortical feedback (from a single feedforward sweep of 
activity)

X



Learning and plasticity Li & DiCarlo ’08

• Very little learning and 
plasticity in lower visual 
areas


• Fast learning and plasticity 
in higher visual areas

Very fast (unsupervised) learning in IT

Image source: DiCarlo
Plasticity



in activity during the sample and/or the
delay interval to cats versus dogs. Similar
numbers of neurons preferred cats (sample

interval, 35/65; delay interval, 21/44) and
dogs (sample, 30/65; delay, 23/44).

Figure 3B shows an example of a single

neuron that exhibited greater activity in re-
sponse to dogs than to cats and responded
similarly to samples from the same category,
regardless of their degree of dogness or catness.
Its activity was different in response to stimuli
near the category boundary, the cat-like dogs
(60:40 dog:cat) versus the dog-like cats (60:40
cat:dog) (22), but there was no difference in
activity elicited by these stimuli and by their
respective prototypes (the 100% cats or dogs)
(23). The inset in Fig. 3B shows the neuron’s
activity in response to each of the 54 samples. It
exhibited overall greater activity in response to
dogs than to cats, but there were small differ-
ences within categories. Just a few stimuli elic-
ited activity that was similar to that from the
other category. These stimuli were not consis-
tent across different neurons, however. Across
the population of neurons, category activity ap-
peared at the start of neural responses to the
sample, about 100 ms after sample onset (24).

We examined all stimulus-selective neurons,
irrespective of whether they were category-se-
lective per se (25). For each neuron, we com-
puted the difference in activity between pairs of
samples at different positions along each be-
tween-category morph line (Fig. 1A). In Fig. 4,
A and B, each neuron’s average difference in
response to pairs of samples from the same
category (within-category difference, WCD) is
plotted against its difference in response to sam-
ples from different categories (between-catego-
ry difference, BCD). If neurons were not sensi-

Fig. 2. Task design and behavior. (A) A sample was followed by a delay and
a test stimulus. If the sample and test stimulus were the same category (a
match), monkeys were required to release a lever before the test disap-
peared. If they were not, there was another delay followed by a match. Equal numbers of match and
nonmatch trials were randomly interleaved. (B) Average performance of both monkeys. Red and blue
bars indicate percentages of samples classified as “dog” and “cat,” respectively.

Fig. 3. Recording loca-
tions and single neu-
ron example. (A) Re-
cording locations in
both monkeys. A, an-
terior; P, posterior; D,
dorsal; V, ventral.
There was no obvious
topography to task-
related neurons. (B)
The average activity
of a single neuron in
response to stimuli at
the six morph blends.
The vertical lines cor-
respond (from left to
right) to sample onset,
offset, and test stimu-
lus onset. The inset
shows the neuron’s
delay activity in re-
sponse to stimuli
along each of the nine
between-class morph
lines (see Fig. 1). The
prototypes (C1, C2,
C3, D1, D2, and D3)
are represented in the
outermost columns;
each appears in three
morph lines. A color
scale indicates the ac-
tivity level.

R E P O R T S

12 JANUARY 2001 VOL 291 SCIENCE www.sciencemag.org314

Learning and plasticity Freedman et al 2001

Supervised category learning in PFC

Image source: DiCarlo
Plasticity

• Very little learning and 
plasticity in lower visual 
areas


• Fast learning and plasticity 
in higher visual areas



Matching object representations 
in man and monkey Kriegeskorte et al ’08

performed a fixation task in a rapid event-related fMRI experi-
ment. Each stimulus was presented once in each run in random
order and repeated across runs within a given session. The
amplitudes of the overlapping single-image responses were esti-
mated by fitting a linear model. The task required discrimination
of fixation-cross color changes occurring during image presen-
tation. We measured brain activity with high-resolution blood-
oxygen-level-dependent fMRI (3-Tesla, voxels: 1.95 3 1.95 3
2 mm3, SENSE acquisition; Prüssmann, 2004; Kriegeskorte
and Bandettini, 2007; Bodurka et al., 2007) within a 5 cm thick
slab including all of inferior temporal and early visual cortex
bilaterally. Voxels within an anatomically defined IT-cortex
mask were selected according to their visual responsiveness
to the images in an independent set of experimental runs.

Representational Dissimilarity Matrices: The Same
Categorical Structure May Be Inherent to IT in Both
Species
What stimulus distinctions are emphasized by IT in each
species? Figure 1 shows the RDMs for monkey and human IT.
Each cell of a given RDM compares the response patterns
elicited by two stimuli. The dissimilarity between two response
patterns is measured by correlation distance, i.e., 1! r (Pearson
correlation), where the correlation is computed across the
population of neurons or voxels (Haxby et al., 2001; Kiani et al.,

2007). An RDM is symmetric about a diagonal of zeros here,
because we use a single set of response-pattern estimates.

The RDMs allow us to compare the representations between
the species, although there may not be a precise correspon-
dency of the representational features between monkey IT and
human IT and although we used radically different measurement
modalities (single-cell recordings and fMRI) in the two species.
Our approach of representational similarity analysis requires
comparisons only between response patterns within the same
individual animal, obviating the need for a monkey-to-human
correspondency mapping within IT.

Several important results (to be quantified in subsequent anal-
yses) are apparent by visual inspection of the RDMs (Figure 1).
First, there is a striking match between the RDMs of monkey
and human IT. Two stimuli tend to be dissimilar in the human-
IT representation to the extent that they are dissimilar in the
monkey-IT representation, and vice versa. This is unexpected
because the behaviorally relevant stimulus distinctions might
be very different between the species. Moreover, single-cell
recording and fMRI sample brain activity in fundamentally
different ways, and it is not well understood to what extent
they similarly reflect distributed representations. Second, the
dissimilarity tends to be large when one of the depicted objects
is animate and the other inanimate and smaller when the objects
are either both animate or both inanimate. Third, dissimilarities

Figure 1. Representational Dissimilarity Matrices for Monkey and Human IT
For each pair of stimuli, each RDM (monkey, human) color codes the dissimilarity of the two response patterns elicited by the stimuli in IT. The dissimilarity

measure is 1 ! r (Pearson correlation across space). The color code reflects percentiles (see color bar) computed separately for each RDM (for 1 ! r values

and their histograms, see Figure 3A). The two RDMs are the product of completely separate experiments and analysis pipelines (data not selected to match).

Human data are from 316 bilateral inferior temporal voxels (1.95 3 1.95 3 2 mm3) with the greatest visual-object response in an independent data set. For control

analyses using different definitions of the IT region of interest (size, laterality, exclusion of category-sensitive regions), see Figures S9–S11. RDMs were averaged

across two sessions for each of four subjects. Monkey data are from 674 IT single cells isolated in two monkeys (left IT in one monkey, right in the other; Kiani et al.,

2007).

Neuron

Matching Object Representations in Man and Monkey

1128 Neuron 60, 1126–1141, December 26, 2008 ª2008 Elsevier Inc.



Human 
electrophysiology Quiroga et al ’05

Patients with 
pharmacologically 
intractable epilepsy

Electrodes

Multiple electrodes 
implanted to localize seizure 

focus



“Jennifer Aniston” 
neuron in the 

Figure 1a shows the responses of a single unit in the left posterior
hippocampus to a selection of 30 out of the 87 pictures presented to
the patient. None of the other pictures elicited a statistically signifi-
cant response. This unit fired to all pictures of the actress Jennifer
Aniston alone, but not (or only very weakly) to other famous and
non-famous faces, landmarks, animals or objects. Interestingly, the
unit did not respond to pictures of Jennifer Aniston together with the
actor Brad Pitt (but see Supplementary Fig. 2). Pictures of Jennifer
Aniston elicited an average of 4.85 spikes (s.d. ¼ 3.59) between 300
and 600ms after stimulus onset. Notably, this unit was nearly silent

during baseline (average of 0.02 spikes in a 700-ms pre-stimulus time
window) and during the presentation of most other pictures
(Fig. 1b). Figure 1b plots the median number of spikes (across trials)
in the 300–1,000-ms post-stimulus interval for all 87 pictures shown
to the patient. The histogram shows amarked differential response to
pictures of Jennifer Aniston (red bars).
Next, we quantified the degree of invariance using a receiver

operating characteristic (ROC) framework15. We considered as the
hit rate (y axis) the relative number of responses to pictures of a
specific individual, object, animal or landmark building, and as

Figure 1 | A single unit in the left posterior hippocampus activated
exclusively by different views of the actress Jennifer Aniston.
a, Responses to 30 of the 87 images are shown. There were no statistically
significant responses to the other 57 pictures. For each picture, the
corresponding raster plots (the order of trial number is from top to bottom)
and post-stimulus time histograms are given. Vertical dashed lines indicate
image onset and offset (1 s apart). Note that owing to insurmountable
copyright problems, all original images were replaced in this and all
subsequent figures by very similar ones (same subject, animal or building,
similar pose, similar colour, line drawing, and so on). b, The median

responses to all pictures. The image numbers correspond to those in a. The
two horizontal lines show the mean baseline activity (0.02 spikes) and the
mean plus 5 s.d. (0.82 spikes). Pictures of Jennifer Aniston are denoted by
red bars. c, The associated ROC curve (red trace) testing the hypothesis that
the cell responded in an invariant manner to all seven photographs of
Jennifer Aniston (hits) but not to other images (including photographs of
Jennifer Aniston and Brad Pitt together; false positives). The grey lines
correspond to the same ROC analysis for 99 surrogate sets of 7 randomly
chosen pictures (P , 0.01). The area under the red curve is 1.00.

NATURE|Vol 435|23 June 2005 LETTERS

1103

Quiroga et al ’05



“Hale Berry” neuron in 
the hippocampus Quiroga et al ’05

the false positive rate (x axis) the relative number of responses to
other pictures. The ROC curve corresponds to the performance of a
linear binary classifier for different values of a response threshold.
Decreasing the threshold increases the probability of hits but also of
false alarms. A cell responding to a large set of pictures of different
individuals will have a ROC curve close to the diagonal (with an area
under the curve of 0.5), whereas a cell that responds to all pictures of
an individual but not to others will have a convex ROC curve far from
the diagonal, with an area close to 1. In Fig. 1c we show the ROC
curve for all seven pictures of Jennifer Aniston (red trace, with an area
equal to 1). The grey lines show 99 ROC surrogate curves, testing
invariance to randomly selected groups of pictures (see Methods). As
expected, these curves are close to the diagonal, having an area of
about 0.5. None of the 99 surrogate curves had an area equal or larger
than the original ROC curve, implying that it is unlikely (P , 0.01)

that the responses to Jennifer Aniston were obtained by chance. A
responsive unit was defined to have an invariant representation if the
area under the ROC curve was larger than the area of the 99 surrogate
curves.
Figure 2 shows another single unit located in the right anterior

hippocampus of a different patient. This unit was selectively acti-
vated by pictures of the actress Halle Berry as well as by a drawing of
her (but not by other drawings; for example, picture no. 87). This
unit was also activated by several pictures of Halle Berry dressed as
Catwoman, her character in a recent film, but not by other images of
Catwoman that were not her (data not shown). Notably, the unit was
selectively activated by the letter string ‘Halle Berry’. Such an
invariant pattern of activation goes beyond common visual features
of the different stimuli. As with the previous unit, the responses were
mainly localized between 300 and 600ms after stimulus onset.

Figure 2 | A single unit in the right anterior hippocampus that responds to
pictures of the actress Halle Berry (conventions as in Fig. 1).
a–c, Strikingly, this cell also responds to a drawing of her, to herself dressed
as Catwoman (a recent movie in which she played the lead role) and to the

letter string ‘Halle Berry’ (picture no. 96). Such an invariant response cannot
be attributed to common visual features of the stimuli. This unit also had a
very low baseline firing rate (0.06 spikes). The area under the red curve in c is
0.99.

LETTERS NATURE|Vol 435|23 June 2005

1104



Figure 2c shows the ROC curve for the pictures of Halle Berry (red
trace) and for 99 surrogates (grey lines). The area under the ROC
curve was 0.99, larger than that of the surrogates.
Figure 3 illustrates a multi-unit in the left anterior hippocampus

responding to pictures of the Sydney Opera House and the Baha’i
Temple. Because the patient identified both landmark buildings as
the SydneyOperaHouse, all these pictures were considered as a single
landmark building for the ROC analysis. This unit also responded to
the letter string ‘Sydney Opera’ (pictures no. 2 and 8) but not to other
letter strings, such as ‘Eiffel Tower’ (picture no. 1). More examples of
invariant responses are shown in the Supplementary Figs 2–11.
Out of the 132 responsive units, 51 (38.6%; 30 single units and 21

multi-units) showed invariance to a particular individual (38 units
responding to Jennifer Aniston, Halle Berry, Julia Roberts, Kobe

Bryant, and so on), landmark building (6 units responding to the
Tower of Pisa, the Baha’i Temple and the Sydney Opera House),
animal (5 units responding to spiders, seals and horses) or object (2
units responding to specific food items), with P , 0.01 as defined
above by means of the surrogate tests. A one-way analysis of variance
(ANOVA) yielded similar results (see Methods). Eight of these units
(two single units and six multi-units) responded to two different
individuals (or to an individual and an object). Figure 4 presents the
distribution of the areas under the ROC curves for all 51 units that
showed an invariant representation to individuals or objects. The
areas ranged from 0.76 to 1.00, with a median of 0.94. These units
were located in the hippocampus (27 out of 60 responsive units;
45%), parahippocampal gyrus (11 out of 20 responsive units; 55%),
amygdala (8 out of 30 responsive units; 27%) and entorhinal cortex

Figure 3 | A multi-unit in the left anterior hippocampus that responds to
photographs of the Sydney Opera House and the Baha’i Temple
(conventions as in Fig. 1). a–c, The patient identified all pictures of both of
these buildings as the Sydney Opera, and we therefore considered them as a
single landmark. This unit also responded to the presentation of the letter

string ‘Sydney Opera’ (pictures no. 2 and 8), but not to other strings, such as
‘Eiffel Tower’ (picture no. 1). In contrast to the previous two figures, this unit
had a higher baseline firing rate (2.64 spikes). The area under the red curve
in c is 0.97.

NATURE|Vol 435|23 June 2005 LETTERS

1105
© 2005 Nature Publishing Group 

 

“Sydney Opera” neuron 
in the hippocampus Quiroga et al ’05



patient #004

Arslan Singer Madsen Kreiman & Serre (unpublished)



patient #004

Classifier-based 
importance maps

ERP signals

Arslan Singer Madsen Kreiman & Serre (unpublished)



Summary
source: Felleman & VanEssen ’90

Hierarchies are ubiquitous:

Anatomy, function & latencies
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Ventral visual stream

Summary Two modes of processing: 
Bottom-up vs. recurrent

X

Dorsal visual stream

X



Computational Vision

• Finish fundamentals of 
primate vision cont’d


• Start retina and LGN

Foundations



Evolution of the eye

• Proto-eye believed to have 
evolved some ~500M yrs ago


• Majority of advancements in 
early eyes believed to have 
taken only ~1M yrs to develop


• Wide range of adaptation: 


- Birds of prey have much greater 
visual acuity than humans, and 
some can see ultraviolet light!

Source: wikipedia
Can only sense ambient light



Evolution of the eye

Source: wikipedia



Evolution of the eye

Source: wikipedia



Evolution of the eye

Source: wikipediaSource: http://static.howstuffworks.com/gif/camera2.jpg

http://static.howstuffworks.com/gif/camera2.jpg


Our retina in matlab

uniform sampling of receptor



Real retinas

blind spot

uniform sampling of receptor



Real retinas

blind spot



Rods and cones

• Rods are 100 times more 
sensitive to a single photon 
than cones


• 20 times more rods than 
cones in the retina


• Rods are:

- Slow

- More pigments so more 

sensitive to light 


• Cones are:

- Fast

- Less pigments so much less 

sensitive to light

Rods
Cone



Rods and cones

Rods
Cone



source: http://www.forbestvision.com/retina-macula-fovea-foveola/



Roorda & Williams 1999

Human retina vs. CCD chip

CCD matrix


