Computer Vision

Computer Science Tripos Part 11
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2. Image sensing, pixel arrays, cameras. Image coding. Biological
vision.
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Digital Images
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World Camera Digitizer Digital
Image

» Film is replaced by a sensor array

» Current technology: arrays of charge coupled devices
(CCD)

» Discretise the image into pixels

* Quantise light intensities into pixel values.

Image source: Michael Black Dr Chris Town

Pixel sensing elements in CCD arrays can be roughly
the size of photoreceptors in the human retina (3
microns).

Spatial resolution depends on detector density and
lens quality.

Luminance resolution depends on signal to noise
ratio.

Re-cap from Part IB Computer Graphics
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Colour Sensing in Digital Cameras

Bayer colour filter array

Estimate missing components from
neighbouring values (demosaicing)

—— Incoming Light

Twice as many green elements as red
—— Filter Layer or blue to mimic the physiology of the
B

—— Resuling Pattemn

Source: Steve Seitz

Colour plays a surprisingly small role in most
computer vision applications

HSV/HSI often preferred to RGB
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Video Common image/video formats:
« PAL: 768x576 pixels at 25 Hz, interlaced *JPEG
«NTSC: 640x480 pixels at 30 Hz, interlaced *MPEG
* HD: 1,280x720 pixels (720p, progressive) at 60Hz or * GIF/PNG
1,920%1,080 pixels (1080i/1080p « TIFF
interlaced/progressive) at 50Hz
*BMP
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Nyquist’s Sampling Theorem: If a signal f(x) is strictly bandlimited so that it
contains no frequency components higher than W, ie. its Fourier Transform F(k)
satisfies the condition
Nyquists’s sampling theorem: F(E) =0 for |k| > W @
. . . . . then f(x) is completely determined just by sampling its values at a rate of at least
The hlgheSt Spatlal frequency In an image Is V2 2W. The signal f(x) can be exactly recovered by using each sampled value to fix the
the COrreSpOnding piXeI dimensionality. amplitude of a sinc(z) function,
sine(r) = w 2)
T
whose width is scaled by the bandwidth parameter W and whose location corresponds
to each of the sample points. The continuous signal f(x) can be perfectly recovered
from its discrete samples f, () just by adding all of those displaced sinc(x) functions
together, with their amplitudes equal to the samples taken:
s = nr\ sin(Wx — n)
f(i)*gfn(u,)m (3)
Thus we see that any signal that is limited in its bandwidth to W, during some
duration T has at most 2WT degrees-of-freedom. It can be completely specified by
just 2WT real numbers (Nyquist, 1911; R V Hartley, 1928).
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Neurobiological Visual Principles = Machine Vision

"There’s more to vision than meets the eye"

Dr Chris Town

Orangutan

HUMAH
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Comparative sizes of brains of dolphin and other
mammals,

LA
HUMAR FILOT WHALE

Perry, Oehler, and Cowey,

Neuroscience (1984)

10" neurons, 1015 gynaptic connections

Highly distributed computation and information storage
No distinction between computation and communication.
Asynchronous operation, relatively slow impulses (300Hz)
Stochasticity as a computational strategy

About 2/3rds involved in vision

Excitation required movement: saccades, conscious gaze,
eyeball tremors
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Conjunctiva Vitreous humor The retina is
Iris - PHOTORECEPTORS part of the
brain

Cornea

Choroid

Sclera

Cornea responsible for most of the refractive power, lens
performs “fine-tuning”

Iris - colored annulus with radial muscles

Pupil - the hole (aperture) whose size is controlled by the iris

Lens - changes shape by using ciliary muscles (to focus on
objects at different distances)
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(rods & cones)

outer plexiform layer

HORIZONTAL CELLS

BIPOLAR CELLS

AMACRINE CELLS

inner plexiform layer

GANGLION CELLS

optic nerve
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Two types of light-sensitive receptors

Cones: 6 million

* cone-shaped

* less sensitive

« colour vision

« adaptive across 7 orders of magnitude
« can distinguish about 100 tones

* 3 types, so about 108 hues

Rods: 120-150 million

* rod-shaped

* highly sensitive

* gray-scale vision

« can distinguish about 100 shades

cone

Rods and Cones in the human retina

array of rod and cone outer segments

« Non-uniform sampling grid to prevent aliasing

+ adaptive across 11 orders of magnitude rod « Blue cones relatively recent in evolutionary terms,
and only 7% of cones are blue receptive
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. Electromagnetic Spectrum
Dazzling light; bright sun on snow
10 < Increasing Frequency (v)

Outdoors in full sunlight

Outdoors under a tree on a sunny day

10—

Comfortable indoor illumination;
night sports events

bright moonlight

1s10n

Intensity of light reflected
from objects (lamberts)

Rod v
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V' Threshold when dark-adapted

© 1998 Sinauer Associates, Inc.
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http://www.yorku.ca/eye/photopik.htm
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Chameleon

ISR OAST
Green Chameleon Eye

“Four-eyed
fish”

Dr Chris Town

Long-term
memory
[~ 30 bits/sec]

f Memory storage

Attentive
scrutiny
K 1074 bits/sec|

4 Attentional bottleneck

Optic Nerve
> 1079 bits/sec

* Retinal processing

Retinal Images
>10712 bits/sec

* Optics

3-dimensional world
(? unlimited information)
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The Psychophysical Correspondence

There is no simple functional description for the perceived
color of all lights under all viewing conditions, but

A helpful constraint:
Consider only physical spectra with normal distributions

mean

# Photons

Wavelength (nm.)

©Stephen E. Palmer, 2002

The Psychophysical Correspondence

Variance +=> Saturation

# Photons

s
\
AN

Wavelength
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The Psychophysical Correspondence

# Photons

Mean == Hue

Wavelength
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The Psychophysical Correspondence

# Photons

Area <= Brightness

Wavelength

©Stephen E. Palmer, 2002



Pulvinar nucleus

Lateral geniculate —
nucleus

Superior colliculus

—
Optic radiation —

Primary visual cortex

corfical pags. contcal

laminae
dominance
columns,

VISUAL
CORTEX

Ips:
lateral

¢
venral

LATERAL

GENICULATE

NUGLEUS

Visual
Field

temporal

Carpus
Callosum

>

L-hemisiphere-R

Schematic of the central visual pathway in the human. (from Popper and Eccles, 1977)

“interblobs”

1,000 modules (100,000,000 nerve cells
in all of primary visual cortex

1 cortical module
(100,000 nerve cells)
processes inputs from
one small region

of visual space 1 mm“
ocular dominance stripes
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Orderly 2-D map of preferred orientations (optical imaging)

Orientation

\ ; - - Blasdel et al.

Pictanra mm)
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Distributed hierarchical organization
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FEEDBACK

Maunsell & Van Essen, J.
Neurophysiol., 1983

Felleman & Van Essen,
Cerebral Cortex, 1991

Single Cell Recording
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Retinal Receptive Fields

Receptive field structure in
On-center Off-surround
(Isotropic)

Do Response

Time

Stimulus condition Electrical response
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Retinal Receptive Fields

Receptive field structure in
On-center Off-surround

Time

Stimulus condition Electrical response
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Retinal Receptive Fields

Receptive field structure in
On-center Off-surround

Response

Time

Stimulus condition Electrical response
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Retinal Receptive Fields

Receptive field structure in
On-center Off-surround

D‘ Response

Time

Stimulus condition Electrical response
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Retinal Receptive Fields

Receptive field structure in
On-center Off-surround

Response

Time

Stimulus condition Electrical response
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Retinal Receptive Fields

Receptive field structure in
On-center Off-surround

Response |

Time

Stimulus condition Electrical response
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Retinal Receptive Fields

RF of On-center Off-surround cells

Neural Response Receptive Field Response Profile

Center
Firing on-center
Rate A

Surround 3

off-surround

Horizontal Position

©StephenE. Palmer, 2002

Retinal Receptive Fields

Horizontal ~ Bipolar cells Retinal ganglion cells

| \ \

macrine cells are “on-off” in temporal, as opposed to spatial, terms.

9

e——ER L. ~n . e
Photoreceptors respond to light by hyperpolarising (the voltage across the cell membrane
becomes more negative inside, for vertebrates; the opposite is true for invertebrates).
Their “receptive field” is just their own cross-section for absorbing light, a small disk
about 3 1 in diameter on the human retina. about a minute of visual arc.

e Bipolar cells are the first to have a “centre-surround” receptive field structure: their
response to light in a central disk is opposite from their response to light in the local
surrounding area. Field boundaries are circular and roughly concentric (i.e. annular).

e Horizontal cells pool together the responses from large numbers of photoreceptors within
alocal area. With these “surround” signals, they inhibit bipolar cells (hence the name).

e o e gy

Surround

e Ganglion cells combine these spatial and temporal response properties and thus serve
as integro-differential image operators with specific scales and time constants.

Cortical Receptive Fields

Single-cell recording from visual cortex

©StephenE. Palmer, 2002

Retinal Receptive Fields

RF of Off-center On-surround cells

Neural Response Receptive Field Response Profile

Surround
Firing on-surround
Rate A a

off-center

Horizontal Position

©StephenE. Palmer, 2002

The nature of retinal signal processing might be summarised as:
e image sampling by photoreceptor transducers, with pooling of signals from rods

e spatial centre-surround comparisons implemented by bipolar cells (direct central input
from photoreceptors, minus surround inhibition via horizontal cells)

temporal differentiation by amacrine cells, subserving motion sensitivity

e separate coding of “sustained” versus “transient” image information by different classes
of ganglion cells (large receptive fields < transient; small fields < sustained)

initial colour separation by “opponent processing” channels (yellow vs blue; red vs green)
coupled sometimes with spatial opponency (on-centre, off-surround)

generation of nerve impulse spikes in a parallel temporal modulation code on the 1 million
fibres of the optic nerve from each eye (= 2nd Cranial Nerve)
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Cortical Receptive Fields

Simple cells

Complex cells

Hypercomplex cells

©StephenE. Palmer, 2002




Cortical Receptive Fields

Bipartite Simple Cells: “Edge Detectors”

C. Dark-to-light Edge Detector D. Light-to-dark Edge Detector

+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +

Firing A Firing A

Rate Rate

Horizontal Position Horizontal Position
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Cortical Receptive Fields
Constructing a line detector

Cortical
JCERYA]

Center-
Receptive Fields Surround Simple Cell
Cells

©Stephen E. Palmer, 2002

Cortical Receptive Fields

Tripartite Simple Cells: “Line Detectors”

A. Light Line Detector B. Dark Line Detector
+ +

+ +

+ +

+ +
+ +
+ +

+
+ + +
+ + +

Firing A Firing A A

Rate Rate

Horizontal Position Horizontal Position

©Stephen E. Palmer, 2002

coRTIcAL spepLe crs -

BIPARTITE
FIELDS

ne-2
==

@

. T

Dr Chris Town

“degrees of freedom:”
1. Position of their receptive field in visual space, both horizontally...
2. ...and vertically;
3. Size of their receptive field;
4. Orientation of the boundaries between excitatory and inhibitory regions;

5. Phase, or symmetry of the receptive field (bipartite or tripartite types).
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Residuals
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Cortical Receptive Fields

Complex Cells: spatial invariance,
oriented movement

STIMULUS NEURAL RESPONSE

e

Time ——>
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Cortical Receptive Fields

Complex Cells: spatial invariance,
oriented movement

STIMULUS NEURAL RESPONSE
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Cortical Receptive Fields

Constructing a Complex Cell

Retina Cortical Area V1

-
—————>
@
Receptive Fields Simple Cells Complex Cell
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Cortical Receptive Fields

Complex Cells: spatial invariance,
oriented movement

STIMULUS NEURAL RESPONSE

©StephenE. Palmer, 2002

Cortical Receptive Fields

Complex Cells: spatial invariance,
oriented movement

STIMULUS NEURAL RESPONSE

120°
\ Time ——
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Cortical Receptive Fields

Constructing a Hypercomplex Cell

RETINA CORTICAL AREA V1

Receptive Fields Complex Cell End-stopped Cell
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Cortical Receptive Fields

Hypercomplex Cells

STIMULUS NEURAL RESPONSE
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Cortical Receptive Fields

Hypercomplex Cells

STIMULUS NEURAL RESPONSE

“End-stopped” Cells
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Cortical Receptive Fields

Hypercomplex Cells

STIMULUS NEURAL RESPONSE

I
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Cortical Receptive Fields

Hypercomplex Cells

STIMULUS NEURAL RESPONSE
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Cortical Receptive Fields

“End-stopped” Simple Cells

STIMULUS NEURAL RESPONSE
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