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Efficient coding of natural time varying images in the

early visual system

MICHAEL P. ECKERT ano GERSHON BUCHSBAUMT
Department of Bioengineering, School of Engineering and Applied Science, University of Pennsylvania, 220 S. 33rd Street,

Philadelphia, Pennsylvania 19104-6315, U.S.A.

SUMMARY

We investigate the hypothesis that the early visual system efficiently codes natural time varying images,
first by tracking part of the image, then by matching the spatiotemporal properties of the neural
pathway to those of the tracked image. A representation for the time varying image is formulated which
consists of two spatiotemporal components, a velocity field component and a stationary component. We
show, using digitized sequences of natural images, that the spatiotemporal spectrum and other attributes
of the image markedly differ before and after tracking. The temporal frequency bandwidth and velocity
distribution of the velocity field component are diminished in the region of tracking and broaden with
increasing eccentricity from this region. On the other hand, the spectrum of the stationary component is
unaffected by tracking. Comparison of the properties of the tracked image to those of the M and P
pathways suggests that each pathway transmits different attributes of the tracked image. A retinal
architecture which varies with eccentricity also matches the properties of the tracked image.

1. INTRODUCTION

Natural images contain spatiotemporal information
comprised of motion and other time varying details
such as flicker. Motion in the retinal image includes
object motion in the visual scene, observer motion,
and eye motion. Image motion presents a significant
problem for efficient coding and representation of
images in the visual system. The visual system must
code and interpret the visual scene while accounting
for objects moving at velocities which may exceed the
temporal limitations of visual system processing.

The visual system confronts this complex time
varying signal with two spatiotemporal mechanisms:
eye movements and the spatiotemporal filter arrays
known as the M and P pathways. In this paper, we
examine how eye movements and the M and P
pathways conjoin to make an efficient coder of the
time varying image. Eye movements limit the tem-
poral bandwidth of images by reducing the range of
velocities reaching the fovea. M and P pathways
efficiently carry image components, modified by eye
movements, for analysis at cortical levels. The spatio-
temporal properties of ganglion and lateral geniculate
cells which form the M and P pathways have been
extensively investigated in recent years (Kaplan &
Shapley 1982; Hicks et al. 1982; Derrington & Lennie
1984; Blakemore & Vital-Durand 1986; Crook et al.
1988; Lee et al. 1989a; Purpura et al. 1990), especially
the role of these pathways in coding spatiotemporal
image components (Shapley & Perry 1986; Merigan
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1986; Merigan 1989; Merigan & Maunsell 1990;
Merigan et al. 1991; and Schiller e al. 1990). Gener-
ally, the M pathway is associated with fast temporal
changes and the P pathway with high spatial acuity
and colour, although there is considerable overlap
across spatial and temporal frequencies.

The idea that the visual system efficiently codes the
visual scene is not a new one (Barlow 1961, 1981;
Snyder et al. 1977; Srinivisan et al. 1982; Buchsbaum
& Gottschalk 1983; Laughlin 1983; Field 1987;
Tsukamoto e al. 1990; Watson 1990; Derrico &
Buchsbaum 1991). Under the efficient coding hypoth-
esis, the purpose of retinal processing is to transmit
visual information as effectively as possible to higher
visual centers. This means that the visual system
optimizes its coding strategy, given the physiological
constraints of limited dynamic range of nerves, noise,
and limited spatial and temporal bandwidths.

A general block diagram of the coding system under
investigation is presented in figure 1. The coder is
comprised of two components, the pre-retinal eye
movements, modelled as a linear time variant filter,
and the retinal spatiotemporal pathways, modelled as
linear time invariant filters. Investigation of efficiency
and other properties of the coder requires an under-
standing of the signal environment in which it oper-
ates. For the visual system, the environment is an
observer freely viewing natural images. We begin by
investigating the spatiotemporal spectrum of the time
varying image (the input, I(u,t), in figure 1) and the
effects of tracking on the spatiotemporal spectrum and
other properties of the image (the signal at the retina,
I.(u,), in figure 1). A representation of natural images
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Figure 1. Block diagram of the flow of visual information through the visual system. The original image, I(u,t), is
filtered by eye movements. Eye movements are modeled as a linear time variant filter. The image reaching the
retina, I,(u,t), is a filtered version of the original image. The M and P pathways, which are time invariant filters,
further process the image before it reaches the cortex for analysis.

is formulated as a combination of a velocity field
component and a stationary component which have
markedly different spatiotemporal spectra. We then
apply a tracking algorithm to natural image sequences
to investigate how these two image components are
affected. As expected, tracking reduces the temporal
frequency bandwidth of the velocity field component
at the point of tracking (Jain & Jain 1981; Girod
1987), but the temporal frequency bandwidth and
velocity distribution broaden with increasing eccentri-
city from the point of tracking. The spectrum of the
stationary component is not affected by tracking.

We discuss the properties of the M and P pathways
and how they match the spatiotemporal components
of images after tracking. We give special attention to
calculating the effect of tracking in the region of
tracking and at increasing eccentricities from it. This
is needed to evaluate the advantage of a retinal
architecture with a velocity tuning which changes
with eccentricity.

2. SPATIOTEMPORAL SPECTRUM OF TIME
VARYING IMAGES AND THE EFFECT OF
TRACKING

(a) Spectrum and velocity distribution of images

Spatiotemporal variations in a visual scene generally
arise from motion. On the image plane of the retina,
motion can be approximated with a two-dimensional
velocity field. The velocity field assigns a translational
velocity vector to each point in space, and character-
izes time variations resulting from geometric motion in
the scene, including rotation, dilation, and affine
deformations commonly found with perspective pro-
jections of three-dimensional motion. The velocity
field serves as a basis for many computational models
of human motion processing (Adelson & Bergen 1985;
van Santen & Sperling 1985; Watson & Ahumada
1985; Heeger 1987). However, the velocity field
cannot account for spatiotemporal changes of the
image such as flicker and the photometric effects of
motion (Pentland, 1991). To include all spatiotem-
poral changes, we model images as a combination of
two uncorrelated components, a velocity field compo-
nent and a stationary component.

I(u,t) = I(u — jv(u,t’)dl’, o) + s(u,t), (1)

b
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where I(u,t) is the intensity at spatial point u and time
t, I(u,lp) specifies the initial image intensity, »(u,t) is
the velocity field assigning a velocity vector,
v = (0x,y), to each point of space and time, and s5(u,)
is the stationary component.

The stationary component can be formed by
removing local translational motion. Conceptually,
this operation is analogous to filtering the image with
a space—time variant filter which removes the velocity
field component. The residual spatiotemporal inten-
sity variations, the stationary component, will consist
of flicker of the illuminant, the photometric effects of
motion, and the occlusion and disocclusion at the
edges of moving objects. These spatiotemporal effects
are biologically relevant. For example, photometric
motion provides depth and three-dimensional struc-
ture information about the image (Pentland 1991),
and occlusion effects provide information about the
location of object edges and relative depth. While
these effects are caused by object motion, they cannot
be removed by translational shifts of image intensity,
and thus cannot be incorporated into the velocity field
component.

The space and time variant spatiotemporal spec-
trum derived from the model of equation (1) is

S(u,tk,f) = S(k)O(f — v(wt) * k) + Si(k.f), (2)

where d( ) is the Dirac delta function, k= (kk,) is a
two-dimensional spatial frequency vector, f is tem-
poral frequency, S(k) is the spatial power spectrum of
I(u,t), and S.(k,f) is the spatiotemporal spectrum of
the stationary component. By definition, the velocity
field and stationary component are uncorrelated, so
the spectrum is the sum of the two components. In
local spatiotemporal regions, the energy of the velocity
field component exists on a plane in the three
dimensions of frequency space (2 dimensions spatial, 1
dimension temporal), where the local velocity deter-
mines the orientation of the plane (Watson 1983;
Watson & Ahamada 1985). A highly ordered struc-
ture does not exist for the stationary component which
is distributed throughout spatiotemporal frequency
space. Figure 2 illustrates the differences between the
spectra of these components in a local spatiotemporal
neighborhood.

The spatiotemporal spectrum (equation 2) can also
be defined in terms of a velocity distribution, which is
a probability distribution (histogram) of velocities.
The velocity distribution is formed by sampling the
velocity field through time at every spatial point in
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Figure 2. The velocity field and stationary components of
time varying images occupy different regions of spatiotem-
poral frequency space. (a) The energy of translational
motion lies along a line with a slope equal to velocity in
spatiotemporal frequency space (a plane when spatial
frequency is two dimensional). This figure illustrates an
idealized case where the velocity field component has a
constant translational velocity of | in the appropriate spatial
and temporal frequency units. (5) The stationary compo-
nent is modeled as the product of separable functions of
spatial and temporal frequency which fall off inversely with
spatial and temporal frequency.

the image. The result is a set of distributions, each
representing the velocity variability in a region of
space. Formation of the velocity distribution removes
the functional dependence of time from the spatiotem-
poral spectrum, so it becomes a time averaged, but
spatially localized, spatiotemporal spectrum. The for-
mulation of the spectrum based on the velocity
distribution is:

S(u7ksf) = }lv(uﬂ))s(k) + SS(kaf)> (3)

where A,(u,v) is the distribution of velocity, v, at
spatial point, u, and S(k) is the spatial power
spectrum of the image.

(b) Effect of tracking on the velocity field and
spatiotemporal spectrum

Eye movements can be modeled as a linear, time
variant filter introduced between the image scene and
the retina (figure 1). Inclusion of eye movements
introduces a single time varying vector component to
the velocity field. As eye movements are fully des-
cribed by introducing a term to the velocity field, they
do not modify the stationary component. The spatio-
temporal spectrum after eye movements is:

S.(u,t,k, f) =
SRS — [o(w,t) — v(0)] - ) + Si(k.S), (4)

where S.(u,t,k,f) is the spatiotemporal spectrum
which has been filtered by eye movements, and v.(¢) is
the eye velocity at time, £.
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Eye movements have the effect of shifting all
velocities in the image by the eye velocity. In the case
of tracking, eye velocity is set equal to the velocity at
spatial point, uy.

ve(t) =v(ug,t). (5)

Tracking has the effect of minimizing the spread of the
velocity distribution, #4,(%,v), which decreases the
temporal bandwidth of the signal in the neighborhood
of the tracked point, uo. For perfect tracking, the
velocity distribution becomes a delta function at
point, #g, and we have the spatiotemporal spectrum,

S(uot.k,f) = S(k)O(f) + Su(k.f). (6)

Because tracking compensates for the velocity field
component in the region of u,, the temporal variations
are contributed by the stationary component, S;(k,f).

For points away from o, the spectrum is weighted
by the velocity distribution,

S(lu—uol,k, /) =he(lu—uol,v)S(k) + S(k, /), (7

where h,(|u—ug|,v) is a velocity distribution which
broadens with increasing eccentricity, |#— uo|. In the
region around wup, tracking narrows the velocity
distribution, thereby reducing the variability of the
spatiotemporal spectrum and the temporal frequency
bandwidth. With increasing eccentricity from the
point of tracking, the spatiotemporal spectrum will
have a broader velocity distribution and larger tem-
poral frequency bandwidth. The degree to which
tracking narrows the velocity distribution away from
the point %y depends on the spatial correlation of the
velocity field, which is a measure of the change of
the velocity field across space. For a highly correlated
velocity field which changes slowly through space,
tracking can reduce the velocity distribution at rela-
tively large distances from the point of tracking.

Implementation of tracking invariably requires a
feedback loop which estimates position and velocity
from a time delayed input and past expectations
(Stark et al. 1962; Lisberger et al. 1987; Steinman et al.
1990). This means that eye velocity can be set only to
an estimated value of image velocity, rather than the
true image velocity. As a result, the velocity distribu-
tion in the tracked region, 4,(0,7), will have a spread
related to the effectiveness of tracking. Tracking
effectiveness is a signal related phenomenon, so that
highly predictable motion will be more effectively
tracked than unpredictable motion (Stark et al. 1962;
Barnes & Lawson 1989). However, tracking of ‘real
world’ motion can be quite accurate (Steinman et al.
1990), usually maintaining a foveal velocity of less
than 1-2 deg s~ 1.

3. THE EFFECT OF TRACKING ON
DIGITIZED IMAGE SEQUENCES

We calculated the velocity field, velocity distribution,
and spatiotemporal spectrum of four real world image
sequences before and after tracking objects in the
sequences. The sequences (256 pixels x 256 pixels x 64
frames at 8 bits per pixel, 30 frames per second with
no scene cuts) were taken from a video disk which
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Table 1. Description of sequences

sequence

number sequence description

1J10833 Jungle scene with some three-dimensional
object motion and a small amount of camera
motion

1J12426 Man walking. Some camera motion to keep
man centred in visual field. The result is
significant amounts of background motion

1J01300 Man talking while moving head occasionally.
No camera motion. Some slight motion in the
background

1J04454 Storm scene. No camera motion, but large

amounts of non-rigid three-dimensional
motion from waves. Intensity changes from
lightning

frame 8

frame 15

contained scenes from movies. The frame rate of 30
frames per second limits the maximum estimated
temporal frequency bandwidth of the images to
15 Hz. However, image energy drops off quickly with
temporal frequency, and we found that signal energy
is concentrated below 10 Hz. This suggests that any
aliasing introduced by the sampling rate has little
effect on the estimated spectrum. Fach sequence was
selected to contain varying levels of motion activity to
form the broadest possible ensemble of images with
the small sample size (see table 1). The velocity field
for each frame was estimated by minimizing the
squared difference between 24 pixel x 24 pixel blocks
in two sequential frames of the sequence (Jain & Jain
1981). The same method was used to track selected
regions in the sequence (see figure 3). While this
(minimization of sum of squared diferences) algorithm
is unlikely to be the method used by the visual system,

frame 26

frame 32

o0

frame 43

(=)

20

velocity magnitude / (pixels per frame)
H

40 60

time / frames

Figure 3. A typical image sequence over which the spatiotemporal statistics were analysed (sequence 1J12426). The
black box indicates a region which was selected for tracking. The graph illustrates the magnitude of the velocity of

the tracked region as a function of time.

Phil. Trans. R. Soc. Lond. B (1993)
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it tracks a region of the image and keeps it centred, as
does smooth pursuit.

We examined the effect of tracking on the velocity
distribution in the region of tracking and at increasing
eccentricities from that region. The velocity distribu-
tion of each 64 frame sequence was calculated from
the velocity field as the frequency of occurrence of the
velocity magnitude. To calculate the change of the
velocity distribution with eccentricity, a region of
interest was selected and tracked by shifting the entire
image for each frame to maintain the tracked region
in the same spatial location (figure 3). The velocity
distribution and average velocity for the tracked
image were then computed as a function of eccentri-
city from the point of tracking. The results are
presented in figures 4 and 5. Before tracking, the
velocity distribution and average velocity vary across
the spatial extent of the image, but we found no trend
from sequence to sequence. This is expected, as there
is no reason why one part of the scene should
experience more motion than any other part. When
tracking is performed, the velocity distribution at the
point of tracking is a delta function (for perfect

@

(=]
=)
T

e
=)
T

e
P
T

e =0 -96 pixels

I
)

probability of occurrence

14
%

o
)

e = 48-96 pixels

I
)

0 2 4 6 8 10
velocity / (pixels per frame)

Figure 4. The velocity distribution of sequence 1J12426 as a
function of eccentricity from the point of tracking. The
distribution was computed from a 64 frame sequence. The
curves represent the distribution at eccentricities of 0, 16, 32,
48, 64, 80, 96 pixels from the point of tracking. (a) Before
tracking, the velocity distribution does not depend on
eccentricity. The standard deviation for the curves is about
1.5 pixels per frame at all eccentricities. (b) After tracking,
the distribution varies with eccentricity, from a delta
function at the point of tracking, to a broad distribution at
the largest eccentricity. The standard deviation increases
with eccentricity and is 0, 0.51, 0.75, 1.6, 1.7, 1.71, 1.8 pixels
per frame, respectively, for the eccentricities shown.
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Figure 5. The average velocity in sequence 1J01300 before
and after tracking (solid and dashed line respectively) as a
function of eccentricity from the tracked point. The average
was computed over the full 64 frames of the sequence. After
tracking, the average velocity in the region of tracking drops
to zero, and there is a regular increase in average velocity
with eccentricity from the point of tracking. At large
eccentricities, the average velocity after tracking can be
larger than the average velocity before tracking.

tracking), and broadens with eccentricity. Higher
velocities occur more frequently with increasing eccen-
tricity from the region of tracking. The increase in
average velocity with eccentricity was accompanied
by a corresponding increase in the standard deviation,
reflecting the fact that the variability of the velocity
distribution increases with eccentricity. This result
was consistent across all four sequences examined,
although the degree to which tracking reduced the
velocity distribution away from the point of tracking
varied depending on the spatial correlation of the
velocity field in that particular sequence. At the
largest eccentricities, the velocity distribution after
tracking can exceed the distribution before tracking.
This can occur because the velocity distribution at
large eccentricities is the vector sum of two uncorre-
lated velocity components, the image velocity and the
velocity of eye movements.

The changes in the velocity distribution as a result
of tracking have corresponding effects in the spatio-
temporal frequency spectrum (equation 7). In figure 6
we compare the spatiotemporal spectrum of images
before and after tracking. The spectrum was com-
puted in spatially and temporally localized blocks of
size 32 pixels x 32 pixelsx 16 frames at the point of
tracking for a viewing distance of four screen heights
(I screen height=256 pixels). For purposes of com-
parison, 1 pixelx1/15 deg and 1 pixel per frame
~2deg s”! on a 256 pixel x 256 pixel image at a
standard viewing distance of 4 screen heights with a
frame rate of 30 frame per second. Most of the energy
is concentrated below 10 Hz and 4 cycles per degree
and diminishes quickly above these frequencies. After
tracking, the temporal bandwidth of the spatiotem-
poral spectrum is greatly reduced. This is consistent
with the changes in the velocity distribution after
tracking (figure 44). A reduction in the velocity
distribution decreases the temporal bandwidth of the
spatiotemporal spectrum.
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Figure 6. The spatiotemporal spectrum of the image before and after tracking computed for a 32x32x 16
spatiotemporal block from sequence 1J12426. The contour plots have lines at 0.01, 0.05, 0.1, 0.5 of the maximum
values. The bottom figures are surface plots of the corresponding spectra. (a) Before tracking, the image has a large
temporal bandwidth due to occasional large velocities. (4) After tracking, spatiotemporal energy is concentrated in
lower temporal frequencies. The units of cycles per degree for spatial frequency axis were determined by using a
viewing distance of 4 scene heights from the image. The range of spatial frequencies will vary for different viewing
distances, but the range of temporal frequencies will not vary with viewing distance.

Figure 7 shows how tracking modifies the instanta-
neous temporal frequency bandwidth in the region of
tracking. The instantaneous temporal frequency band-
width was computed from the frame to frame correla-
tion, p., using a correlation model of the form p, = e~
(Jayant & Noll 1984; Eckert et al. 1992). For a frame
rate of 30 frames per second, the temporal bandwidth
can be computed as a= — 30 log(p.). Before tracking,

—
W

—
(=)

W

o
8
8
3

time / frames

Figure 7. The effect of tracking on temporal frequency
bandwidth for a 24 pixel x 24 pixel block from sequence
1J10833. The instantaneous temporal frequency bandwidth
before tracking (solid line) and after tracking (dashed line)
is computed from the frame to frame correlation. Before
tracking, the signal has a highly variable temporal fre-
quency bandwidth, due to variable object velocity. After
tracking, the temporal bandwidth is small and does not vary
significantly. Temporal frequency variations remain after
tracking due to motion within the tracking region and the
stationary component.

Phil. Trans. R. Soc. Lond. B (1993)

the signal has a highly variable temporal frequency
bandwidth, due to variable object velocity. After track-
ing, the temporal bandwidth is small and less variable.
The temporal bandwidth is not zero after tracking,
however, since tracking does not remove all time
variations, only those which result from translational
motion at the tracked point. Figure 7 highlights the
two ways tracking affects temporal frequency band-
width: (i) tracking greatly reduces the temporal
frequency bandwidth during high velocity motion,
and (i1) before tracking, the temporal frequency
bandwidth fluctuates widely, depending on the velo-
city, but after tracking, the temporal frequency band-
width in the region of tracking has only small
fluctuations.

Tracking does not remove the velocity field compo-
nent, but only shifts it to lower temporal frequencies.
This shift will increase the energy share of the
stationary component at high temporal frequencies.
The relative share of the two components will vary
from sequence to sequence and for different regions of
tracking, depending on the amount of motion, and the
degree to which time variations are represented by the
velocity field component or by the stationary compo-
nent. For the first three sequences in table 1, tracking
of an object in the foreground reduces the average
temporal bandwidth in the tracked region by 599,
929%,, and 569, respectively. For these sequences, the
large decrease of the temporal frequency bandwidth
after tracking signifies that the velocity field compo-
nent accounts for much of the signal energy at high
temporal frequencies of the untracked image. The
average temporal bandwidth of the last sequence (a
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storm scene 1J04454) was reduced by only 229. As
tracking had little effect on the temporal bandwidth of
this sequence, most time variations can be attributed
to the stationary component. Large temporal intensity
changes in this scene were due primarily to changing
illuminant (lightning) and changing reflectance of
light off ocean waves.

4. CODING BY THE VISUAL SYSTEM IN THE
CONTEXT OF TRACKING

(a) Advantages of tracking

The velocity field of natural time varying images 1s
signal dependent and variable. A scene may contain
objects moving at high velocities, low velocities, or
both. The corresponding spatiotemporal spectrum is
also signal dependent and variable, with a large
temporal bandwidth in the spatial regions which
move at high velocities, and a small temporal band-
width in slowly moving regions. A basic premise of
coding theory is that a signal with a small bandwidth
can be more efficiently coded than a signal with a
large bandwidth (Jayant & Noll 1984). The coding
efficiency is also affected by signal variability, because
time-invariant coders (such as the retinal pathways)
can be optimized only for a particular spectrum
(Kassam & Poor 1983, 1985). The most efficiently
coded signal is one with a small bandwidth and little
or no variability. This corresponds to an image with
little or no wvelocity, and thus a small temporal
frequency bandwidth. Tracking with eye movements
compensates for motion by matching eye velocity to
the expected value of the image velocity in a region
around the fovea. After tracking, the signal which
actually reaches the retina (at the fovea) has a narrow
velocity distribution and, therefore, a reduced tem-
poral frequency bandwidth. A direct corollary of
minimizing the temporal frequency bandwidth is a
reduction in blur due to motion when the image is
coded by fixed bandwidth time invariant channels.
The role of eye movements in reducing blur was
suggested before (Miller & Ludvigh 1962; Murphy
1978; Flipse et al. 1988) and follows from their role in
the context of efficient coding.

Field (1987) showed that the spatial spectrum of
natural images is scale invariant. This enables the
visual system to use fixed, scene invariant, spatial
filters to efficiently code a scene regardless of scale.
The temporal spectrum and velocity distribution of
natural time varying images are not scale invariant,
and depend on the distance of moving objects from
the observer. However, tracking maps the tracked
region into the same temporal frequency and velocity
distribution range regardless of the velocity (or scale)
of the tracked region. Therefore, tracking provides a
region of the retina with a virtually scale invariant
signal in time and the coding advantages that accrue
from the invariancy.

In addition to increased coding efficiency, tracking
accentuates the importance of the stationary compo-
nent in the temporal frequency domain in the region
of tracking. Before tracking, this component is difficult
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to detect and isolate because it cannot easily be
separated from the velocity field component. After
tracking, the velocity field component is situated
along the spatial frequency axis, and does not contri-
bute to temporal variations, so the remaining tem-
poral variations belong to the stationary term. Thus,
perceptually important information associated with
this component, such as flicker, photometric effects of
motion, and motion edge effects, can be extracted
more easily because of the removal of the velocity field
component from high temporal frequencies. This
argument does not hold in the periphery, however,
because tracking only ensures reduction of the velocity
field component in the region of tracking.

(b) Retinal pathways and eccentricity dependent
architecture are matched to the tracked image

The second stage of the coder (figure 1) are the M
and P pathways which operate on the tracked image,
I (u,t). These pathways and the underlying single cell
units from which they are made have received con-
siderable attention. Because of their significance in the
present context, they are briefly reviewed here. The
spatiotemporal filter properties of the M and P
pathways are based on single cell properties of phasic
and tonic cells from the retina and M and P cells from
the LoN (Marrocco et al. 1982; Kaplan & Shapley
1982; Hicks et al. 1982; Derrington & Lennie 1984;
Blakemore & Vital-Durand 1986; Crook et al. 1988;
Lee et al. 1989b; Purpura et al. 1990). P (tonic) cells
respond well to low temporal frequencies (below
5Hz), whereas M (phasic) cells attenuate these
frequencies. The spatial resolution of the P pathway is
about three times higher than the M pathway at all
eccentricities. This is due to receptive field center size
and spatial sampling rates of the respective arrays
(Merigan 1989; Merigan e/ al. 1991). The main
characteristics of the pathways are summarized in
table 2. The numbers in table 2 represent averages
within the respective pathways rather than the res-
ponse of any particular cell since there are large
deviations among cells even in the same pathway
(Hicks et al. 1982; Marrocco et al. 1982; Derrington &
Lennie 1984).

Figure 8 illustrates the spatiotemporal transfer
function of the M and P pathways inferred from the
specifications in table 2. To obtain these responses, we
fitted a frequency transfer function with the form of a
spatial and temporal difference of Gaussians (Rohaly
& Buchsbaum 1988; Rohaly 1988) and selected
constants so as to meet the spatial and temporal
frequency slopes and peaks in table 2.

RF(|k|, fe) = [Cle—(mcw)ukn? _
Se” (ms(e)lkl)z] [CZC —(Tf)? Sy~ (T_,-f)z], (8)

where ¢ is eccentricity, r.(¢), 75(¢) are the centre and
surround sizes for receptive fields, and k and f are the
spatial and temporal frequencies, respectively. T¢, T}
are temporal constants selected so as to provide peak
temporal response at a specified frequency, and Cj, Co,
S1, Sz were selected so as to provide a specified
response at low temporal and spatial frequencies. The
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Table 2. Spatial and temporal characteristics of the M and P pathways

M pathway

P pathway

spatial structure
surround)

spatial resolution

eccentricity)
foveal spatial resolution 13 cycles per degree
109, of cells

one-third that of P cells

numbers of cells

spatial sampling rate

temporal frequency-peak
cells

response at low frequencies

high frequency cutoff up to 80 Hz
contrast sensitivity

speed (latency of response to
visual stimulation)

suggested roles

such as flicker

centre-surround (relatively powerful

one-third that of P cells (decreases with

20 Hz: large variance between individual

highly attenuated: phasic response to a
step increase in light intensity

high: eight times higher than P cells

fast: latency is about 24 ms at LoN for
visual stimulation. Large variance

carries information about quickly moving
images with a low degree of spatial detail,

centre surround (surrounds often have
little power)

three times that of M cells (decreases with
eccentricity)

40 cycles per degree
809, of cells

three times that of M cells (80 samples
per degree at fovea)

10 Hz: large variance between individual
cells

partially attenuated: tonic or sustained
response to a step increase in light
intensity

20-40 Hz
low: eight times lower than M cells

slow: latency is about 28 ms at LGN for
visual stimulation. Large variance

carries slowly moving images with a high
degree of spatial detail

centre and surround sizes for the receptive fields, 7.(¢)
and 7(¢), are assumed to increase in size with the
inverse of the cortical magnification factor (Sakitt &
Barlow 1982).

re(e) = 7e(0) (14 0.33¢), ry(e) =7,(0) (1 +0.33e). (9)

The spatiotemporal frequency the velocity re-
sponses of M and P pathways can now be discussed in
the context of the properties of images before and after
tracking. Before tracking, the image spatiotemporal

N
:40
>
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o
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o
g
G
E 20
19)
o
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0 40

spatial frequency / (cycles per deg)

Figure 8. The spatiotemporal transfer function of the M and
P pathways calculated from equation (8) with constants
chosen to match details in table 2 (solid lines, M pathway;
dashed lines, P pathway). Contours are at 0.1, 0.5, and 0.9
of the maximum value in the respective pathway. The P
pathway is tuned to higher spatial frequencies and lower
temporal frequencies than the M pathway, though there is
considerable overlap.
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Figure 9. (a) The simulated response of M and P pathways
at the fovea to a translating white noise stimulus as a
function of velocity (solid line, M pathway; dashed line, P
pathway). This is equivalent to integrating the frequency
response over lines of constant velocity. The normalized
peak response of the M and P pathways (arrows) is about 7
deg s~! and 1 deg s~1, respectively. (b) Peak velocity of the
two pathways as a function of eccentricity. The peak
velocity of the M pathway increases with eccentricity at a
greater rate than the P pathway.
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spectrum is broadly distributed across frequency
space, which results in large responses in both the M
and P pathways. However, after tracking, the signal
energy becomes concentrated at low temporal fre-
quencies, and the P pathway which is more sensitive
in the low temporal frequency region, will respond to
a greater degree than the M pathway. Figure 9a
illustrates the response of the M and P pathways to a
translating image, found by integrating the spatiotem-
poral transfer function (equation 8) over lines of
constant velocity in frequency space. Figure 95, com-
puted using equations 8 and 9, illustrates the velocity
of peak response as a function of eccentricity for the
two pathways. At the fovea, the M and P pathways
are predicted to have a peak response to images
moving at velocities of 7 deg s~! and 1 deg s~}
respectively. However, the velocity of peak response
increases with eccentricity, with the peak velocity
increasing faster for the M than the P pathway. This
change in peak velocity with eccentricity is a result of
the increase in receptive field size (or decrease in
spatial scale) described by equation 9.

The P pathway is thought to carry information
about slowly moving images with a high degree of
spatial detail (Schiller et al. 1990; Merigan 1989;
Merigan et al. 1991). Figure 9a illustrates that the P
pathway will respond better to low velocity images.
The P pathway matches the properties of the velocity
field component in the tracked region, and will carry
the maximum amount of spatiotemporal information
about this component. The M pathway is thought to
carry information about quickly moving images with
a low degree of spatial detail (Schiller et al. 1990;
Merigan 1989; Merigan & Maunsell 1990). Figure 9a
illustrates that the M pathway is tuned to higher
velocities than the P pathway. However, large image
velocities will only rarely arise in the tracked region.
When large velocities do arise, it is during tracking
errors which occur for unpredictable motion, and for
cases such as transparent motion when there are two
velocity field components in the same spatial region.
Because tracking is generally quite accurate for
motion of ‘real world’ stimuli (Steinman et al. 1990),
the M pathway can be expected to carry only a small
fraction of the velocity field component of image
information in the region of tracking (the fovea).
However, the stationary component is broadly distri-
buted across spatiotemporal frequency space (figure
2b), and contains a significant amount of energy in the
region covered by the M pathway. Therefore, in
addition to carrying (infrequent) high velocity images,
another role for the M pathway at the fovea could be
to carry the stationary component of time varying
images.

The change of the velocity tuning of the M and P
pathways with eccentricity (figure 96) is consistent
with the change in the velocity distribution of tracked
images with eccentricity. The peak velocity of the two
pathways increase with eccentricity, though at differ-
ent rates, so a larger average velocity and larger range
of velocities is covered with increasing eccentricity.
This can be compared with the velocity distribution
after tracking (figure 4b). At the fixation point
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(fovea), the image has a narrowly distributed velocity
distribution and a small temporal bandwidth. With
increasing eccentricity, the velocity distribution broa-
dens (figure 4b), the average velocity reaching the
retina increases (figure 5), and the range of velocities
increases. The broader image velocity distribution in
the periphery means that information is lost due to
temporal blur because of the limited temporal fre-
quency bandwidth of retinal pathways. This decreases
the average spatial frequency limit of the peripheral
retinal image. Because of this, larger receptive fields
can be utilized in the periphery without significant
loss of information.

Psychophysical evidence also shows a gradual
change in motion perception between the fovea and
the periphery of the visual field. The fovea is sensitive
to a lower range of velocities than the periphery and
essentially becomes blind when this velocity range is
exceeded (van de Grind et al. 1986; Baker & Braddick
1985). As eccentricity increases, the visual system is
better able to discriminate images with a higher
average velocity, and over a larger range of velocities
(McKee & Nakayama 1984). This is consistent with
the change in velocity distribution and average velo-
city with eccentricity (see figures 4 and 5) which
results from tracking.

Hughes (1977) argues that receptor packing
matches the change in velocity across the retina for
the case of an observer moving through a scene (ego-
motion). In some ways, this paper can be viewed as a
generalization of Hughes (1977) original arguments,
by showing that an eccentricity dependent velocity
distribution results for any scene rather than the
special case of ego-motion, as long as the observer
continually tracks with eye movements. This paper
diverges from Hughes by matching the retinal velocity
distribution to the velocity sensitivity of the M and P
pathways, rather than to the change in receptor
packing. However, receptive field size and velocity
sensitivity are linked so both arguments are comple-
mentary.

5. CONCLUSION

We examined the spatiotemporal spectrum and other
attributes of natural time varying images in the context
of efficient coding in the early visual system. The image
is modeled as a combination of a velocity field
component and a stationary component which have
markedly different spatiotemporal spectra. Tracking,
as implemented with smooth pursuit eye movements,
decreases the average velocity and the variability of
velocities reaching the fovea (tracked region). The
result is a spectrum with minimal temporal bandwidth
and variability in the tracked region, but which
broadens with increasing eccentricity. Tracking does
not affect the stationary component, which remains
broadly distributed across temporal frequency space.

An efficient coding strategy will be influenced by
tracking because it changes the image spectrum. In
the tracked region, the spectrum has minimal tem-
poral bandwidth and variability. This enables efficient
coding of the image with fixed time invariant path-
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ways as found in the retina. The reduction in
temporal bandwidth ensures that minimal informa-
tion will be lost due to motion blur in the tracked
region. The stationary component of time varying
images is emphasized in the tracked region, enabling
temporal information not attributed to translational
motion to be analyzed effectively. Finally, since the
average velocity of the image increases with eccentri-
city from the tracked region, an efficient coding
strategy should reflect this change with a correspond-
ing change in velocity tuning with eccentricity.

The results suggest that the M and P pathways are
matched to the tracked image. Both the M and P
pathways are tuned to low image velocities at the
fovea, where the image has consistently low velocities
because of tracking. However, the M pathway, with
the broader temporal frequency response, will respond
better to the temporal changes of the stationary
component. The M and P pathways are tuned to
higher velocities and a broader range of velocities with
increasing eccentricity from the fovea. This is matched
to the change of image velocity after tracking, in
which both the average velocity and range of veloci-
ties increase.

In conclusion, the visual system combines smooth
pursuit tracking with specialized pathways and an
eccentricity dependent retinal architecture to efli-
ciently code time varying images.

We thank Horace Barlow and Peter Sterling for their many
comments and suggestions, and Andrew B. Watson for his
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supported by AFOSR grant 91-0082 and the NASA
graduate student fellowship program.
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gure 3. A typical image sequence over which the spatiotemporal statistics were analysed (sequence 1J12426). The
ack box indicates a region which was selected for tracking. The graph illustrates the magnitude of the velocity of
¢ tracked region as a function of time.
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