The approach of David Marr

‘AlexNet’
(Krizhevsky, Sutskever & Hinton 2012)

0

image

feature extraction and pooling

classification

Vision as inference

lens

World

Image

Model

Active vision in jumping spiders

(Wayne Maddison)

(Bair & Olshausen, 1991)

One-day old jumping spider

(filmed in the Bower lab, Caltech 1991)

One-day old jumping spider

(filmed in the Bower lab, Caltech 1991)

…problem solving behavior, language, expert knowledge and
application, and reason, are all pretty simple once the
essence of being and reacting are available. That essence is
the ability to move around in a dynamic environment, sensing
the surroundings to a degree sufficient to achieve the
necessary maintenance of life and reproduction. This part of
intelligence is where evolution has concentrated its time--it is
much harder.
— Rodney Brooks, “Intelligence without representation,”
Artificial Intelligence (1991)
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Figure 1. A Scaled Representation of the Cortical Visual Areas of the Macaque
Each colored rectangle represents a visual area, for the most part following the names and definitions used by Felleman and Van Essen (1991). The gray bands
connecting the areas represent the connections between them. Areas above the equator of the figure (reds, browns) belong to the dorsal stream. Areas below the
equator (blues, greens) belong to the ventral stream. Following Lennie (1998), each area is drawn with a size proportional to its cortical surface area, and the lines
connecting the areas each have a thickness proportional to the estimated number of fibers in the connection. The estimate is derived by assuming that each area
has a number of output fibers proportional to its surface area and that these fibers are divided among the target areas in proportion to their surface areas. The
connection strengths represented are therefore not derived from quantitative anatomy and furthermore represent only feedforward pathways, though most or all
of the pathways shown are bidirectional. The original version of this figure was prepared in 1998 by John Maunsell.
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an absolute depth judgment with respect
to fixation, while fine stereopsis requires
the judgment of relative depth, i.e., com-
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of visual areas containing disparity-sensitive neurons, one might not be surprised
to find different areas involved in the two

their new sources of information can solve
the coarse task as well as the old ones.
MT is no longer critical.
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Figure 1. Experimental Setup and LF
Dependence on Behavioral State

(A) The mouse’s head is fixed on top of a styrofoa
ball suspended by air. Multisite silicon probes a
used to measure spiking units, while data fro
pairs of optical mice are used to calculate t
motion of the ball under the mouse. (B) Local fie
potential (LFP) power during the duration
a single recording, with corresponding spee
trace shown below in green. (C) Distribution
mouse speed, showing a large fraction of tim
spent stationary and a wide distribution of runnin
speeds. (D) Average power spectrum fro
recording shown in (B), during stationary vers
moving periods. (E) Scatter plot of power aroun
gamma peak (60–70 Hz) versus speed of mov
ment, demonstrating a sharp transition betwe
stationary and moving states. See also Figure S
and Movie S1.

animal’s
speed

un on a foam ball floated on a stream of air, while its head was
fixed to a crossbar via a small metal headplate implanted with
dental acrylic. A small craniotomy allowed us to insert a silicon
multisite electrode into either primary visual cortex or the

in the absence of visual stimuli on the gray mean-luminanc
background (Figure S1). During active periods, we could als
observe a narrow peak at the theta frequency (8–9 Hz), whic
may be due to volume conduction from the hippocampu

(Neil & Stryker, 2010)
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Abstract: Many current neurophysiological, psychophysical, and psychological approaches to vision rest on the idea that when we see,
the brain produces an internal representation of the world. The activation of this internal representation is assumed to give rise to the
experience of seeing. The problem with this kind of approach is that it leaves unexplained how the existence of such a detailed internal
representation might produce visual consciousness. An alternative proposal is made here. We propose that seeing is a way of acting. It
is a particular way of exploring the environment. Activity in internal representations does not generate the experience of seeing. The outside world serves as its own, external, representation. The experience of seeing occurs when the organism masters what we call the governing laws of sensorimotor contingency. The advantage of this approach is that it provides a natural and principled way of accounting
for visual consciousness, and for the differences in the perceived quality of sensory experience in the different sensory modalities. Several lines of empirical evidence are brought forward in support of the theory, in particular: evidence from experiments in sensorimotor
adaptation, visual “filling in,” visual stability despite eye movements, change blindness, sensory substitution, and color perception.

visual experience does not arise because an internal
representation of the world is activated in some brain area.
…
Indeed, there is no “re”-presentation of the world inside the brain:
Keywords: action; change blindness; consciousness; experience; perception; qualia; sensation; sensorimotor
…
The experience of seeing occurs when the outside world is being
1. Introduction
probed
according to the visual mode.
1.1. The puzzle of visual experience
What is visual experience and where does it occur?
It is generally thought that somewhere in the brain an internal representation of the outside world must be set up
which, when it is activated, gives us the experience that we

- O’Regan & Noë (2001)

Kevin O’Regan moved to Paris in 1975 after studying
theoretical physics in England, to work in experimental
psychology at the Centre National de Recherche Scientifique. After his Ph.D. on eye movements in reading he
showed the existence of an optimal position for the eye

V1 representation during eye movement
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Figure 1. Top: The eye fixates the middle of a straight line and
then moves to a point above the line. The retinal stimulation
moves from a great arc on the equator of the eye to a different,
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Figure 7. A blind subject with a “Tactile Visual Substitution system” (TVSS). A TV camera (mounted on spectacle frames) sends
signals through electronic circuitry (displayed in right hand) to an
array of small vibrators (left hand) which is strapped against the
subject’s skin. The pattern of tactile sitmulation corresponds roughly
to a greatly enlarged visual image. (Photograph courtesy of P. Bachy-Rita). From Morgan (1977).

A first point concerns the importance of the observer’s
being able to manipulate the TV camera himself or herself

truly resembles visual experience. In an anecd
by Bach-y-Rita, the zoom control of the camer
by a well-trained subject was moved, causing a s
nification or “looming” of the tactile image.
states (1972, p. 98): “the startled subject raised
threw his head backward to avoid the ‘approac
It is noteworthy that, although the stimulus a
the time, on the subject’s back, he moved ba
raised his arms in front to avoid the object, wh
jectively located in the three-dimensional s
him.”37 Another interesting observation cau
ment in the early investigations with the TVSS
cal reasons the battery of 400 vibrators mounte
server’s back consisted of two ramps of 200 vi
on each side of the observer’s backbone. A la
therefore present in the tactile representation
field. “Curiously” however, no gap was appa
servers’ perceived visual field. This tactile an
might incorrectly be called “filling-in” of the
spot is, of course, unsurprising in the light of
theory, where no filling-in mechanism need b
(cf. sect. 5.5).
Do blind people actually see with the TVSS
tion has been raised by Bach-y-Rita who prefe
word “see” in quotes. One justification for thi
is the fact that people who have learnt to see
vice are disappointed when shown pictures o
ones, or erotic pictures: they have no emotio
Bach-y-Rita interprets this as a failure of the d
vide true visual experience. An alternative, ho
admit that the device does provide true visual
but that emotional and sexual reactions are str
to the sensations that are experienced during
when emotional attachment occurs and sexual
velops. If, during the course of development, t
ences are initially non-visual, then they will r
visual.38
Morgan (1977) also discusses this and conclu
ther people really do see with the TVSS, or the
scientific psychology. Clearly from the point o
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enough” (meaning that we will c
This letter suggests that in biological organisms, the perceived structure
cluding the singularities of ψ) rela
of reality, in particular the notions of body, environment, space, object,
and attribute, could be a consequence of an effortcommands
on the part of brains
M:
to account for the dependency between their inputs and their outputs in
terms of a small number of parameters. To validate this idea, a procedure is
demonstrated whereby the brain of a (simulated) organism with arbitrary
input and output connectivity can deduce the dimensionality of the rigid
group of the space underlying its input-output relationship, that is, the
dimension of what the organism will call physical space.

S = ψ(M, E).

Note that with our definitions, we

brain
1 Introduction

Figure 1: A simple organism consisting of an articulated arm with two “fingers”
The on
brain
sits inside the cranial cavity monitoring the neural signals that
and a composite “eye” mounted
each.

come into it and go out of it. From this processing emerge the notions of
self, outside space, objects within that space, and object attributes like color,
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Table 1: Summary of the Three Experiments.
Characteristics

Organism 1

Organism 2

Organism 3

40
40
2
None
3
Fixed

100
80
4
Reflex
5
Variable

100
80
4
Controlled
5
Variable

Dimensions found for body (p)
Dimensions found for environment (e)
Dimensions found for both (b)

12
9
15

24
20
38

28
20
41

Deduced dimension of rigid group (d)

6

6

7

Dimensions of motor commands
Dimensions of exteroceptive inputs
Number of eyes
Diaphragms
Number of lights
Light luminance

Notes: Proprioception does not play a role in the calculation and so is not shown in the
table. The estimations given here are obtained from Figures 3c and 4. In Organism 3,
the group of compensated transformations is different from the orthogonal Euclidean
group because the organism has control over a nonspatial aspect of its body, namely the
diaphragm aperture.

