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SPEEDED PHASE DISCRIMINATION :
EVIDENCE FOR GLOBAL TO LOCAL PROCESSING

J.M. Barr
Experimental Psychology Department
University of Oxford. U.K.

Introduction
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EEGact Within most natural scenes. intensity
changes occur aver a range of spatial

' scales, so it has been suggested that a
In recent years much attention has been

: ? general purpose vision system may
given to the advantages of multiple require come form af early
reso i - i i ; 2

§ tution prg Rroces g m?t“OUS s representation that captures and makes
computer vision. There is strong

this explicit. Over the past decade a
number of multi-resolution schemes have
been described in the image processing

evidence that the parallel extraction of
luminance changes over different spatial

scales : also occurs Ain human v;sual literature. [1,2.3,4,5.613.
perception. The first experiment -
confirms the strong evidence that

Over the same period and independently,

responses to lo i i ; .
B w resolution signals can considerable empirical evidence has been

be elicited as much as 100 msec faster

: : ¥ ; amassed from both psycholegical and
;:an tﬁ: hlghmspatiai fr:quenzy itIMUIl neurophysiological research, supporting
Ry i A Cént;as y o Qrt“er the idea that a form of multiple
vper} ?n HEaslRe e‘reac ToffeImeiato resolution representation is empleoyed in
discriminate the relative phase of the the arily processing states o
higher frequency component of a biological visual systems. T lpt is
g nance gr§t1ng compr151jg = asserted that at each point in the
fundamental and its second harmonic. It : ;

S retina there exist several contrast
was found that the decision can be made Caniit] Ve eatian lomsreeach detecting
more rapidly when the fundamental is low e e changes over a different
than high freguency. On the assumption spatial scale Al “spatial ol
+ ; 5
;2i;5 thfs g;ziie :;ru;turel of spat%ai equivalent to spatial frequency (for

; i 3 i =l ; SEoLd 9 signals containing a single frequency

RS ==- this.supports, the igdear that component) the neural mechanisms can be
+ : :
- sgbstrate 5l the .SU?JECtIVE described as filters in the spatial
mmressxon that); raish. sescedptings | 55 frequency domain. The simplest model of
el : fOfmS precede 5 SEtAddsa the filter impulse response is the
perception, is the progressive increase

difference of two circularly symmetric
Gaussian functions. The output of a set
of filters tuned to the same frequency,
covering the entire retina is termed a
channel, and is equivalent to the
parallel convolution of the image with a
single operator. Each channel is assumed
to act independently of any other, hence
this processing scheme is known as the
multiple independent channels model [71.

in response time with frequency, of the
visual mechanisms implementing spatial
filtering.
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The independent channels model has been

remarkably successful in predicting

contrast thresholds in a variety of

laboratory experiments, and in

Key Words : generating a great deal of further
research attempting to specify the

spatial filter characteristics. However

Visual Perception, Phase Discrimination, little attention has been given to their
Multi-resolution Image Processing organization, function or utility. A
description of the properties of
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individual mechanisms is insufficient to
explain the fundamental problems of
shape description and object
recognition.

Early papers proposed that the
hypothesised neural filters implement
spectral analysis. If phase information
is discarded it would then be possible
to perform pattern recognition with
translational invariance, and Tf
reference templates are stored and
matched in terms of the ratio of
fregquencies, with size invariance [8,91.
However there are several objections to
this notion. Spatial phase is of
cardinal impor tance to the visual
system. 1t is still possible to
recognise ob jects if amplitude
information is discarded by equalizing
all components, provided phase
information is preserved [101]. The one
octave bandwidth of the filters is too
great to permit high resolution spectral
analysis, and furthermore, while Fourier

Transform based methods may permit the
recognition of simple shapes presented
in isolation, it would be much more

difficult to acheive more complex tasks
such as scene segmentation in the
frequency domain.

Marr and Hildreth [11] propose a space
domain function for spatial frequency
filters, in which at each image
location, mechanisms tuned to different
frequencies provide independent evidence

of luminance changes over different
scales. This information is then
integrated in local oriented edge
detector units. Critical problems with
this scheme are the alignment of the
output from different operators, its
per formance on blurred edges and its

per formance in the presence of noise.

In this
filters
resolution

paper the bank of spatial
will be considered as a multi-
pre-processing front end,
which provides a rich description of
luminance changes over a range of
spatial scales, upon which higher level

interpretive processes may operate.

pyramidal processing
vision is the
flow in

the data

An advantage of
schemes in computer
possibility of information

directions within
structure (121]. Projection operations
permit information acquired at low
resolution to guide processing at higher
levels. For example in matching
applications it seems an efficient
strategy to rapidly discard the maximum
number of incorrect alternatives by
first matching at a coarse level of
resolution, saving the more
computationally intensive high
resolution processs for a reduced set of
alternatives. Similarly in shape
analysis it is more efficient to first

several
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locate the approximate boundaries of the
form with a coarse analysis before
focussing local operations on optimal
regions. Data flow 1in the opposite
direction involves the integration of
high resolution information and its
reduction to lower levels, eg. block

quantization. Lateral processing is
restricted to a single level. It is not
known whether there are such
interactions between the levels of the
multiple resolution stucture of the
human visual system but it is well
established that the temporal properties
of low spatial frequencies channels
differ from those tuned to higher
spatial frequencies in that the former
mechanisms exhibit a greater sensitivity
to temporal tramsients [14]. Low spatial
frequency mechanisms behave as
derivative operators to temporal changes
in contrast while high spatial frequency
mechanisms operate as temporal
integrators. Hence the possibility is
raised that the output of each spatial
frequency channel is produced
asynchronously.

Intuitively it appears that on first
glance of a scene, we obtain an imme-
diate rough impression of the approxi-
mate forms, locations 'and extents of
the principle objects. Perception
rapidly becomes more detailed over time
£141. This form of global precedence can
be interpreted in terms of the
independent channels model as the
progressive acquisition of representa-
tions of increasing spatial frequency.
Immediately after stimulus presentation
only the blurred output of low spatial
frequency filters is available, and over
a fraction of a second the image repre-
sentation is sharpened by the addition
of higher frequency components. It is
not known whether this phenomenon has
any utility in terms of neural implemen-
tations of projective multi-resolution
algorithms, or whether it is merely a
Processing bottleneck, a dysfunctional
epiphenomenon.

The idea of asynchronous parallel
channels has several interesting conse-
quences, two of which will be addressed
empirically in this paper. The first is
that the visual.detection of stimuli
containing lower spatial frequencies
should be faster than of stimuli
containing only higher frequencies.
Secondly, visual discrimination should
be faster if the stimuli differ in their
low spatial frequency céntent than 1
they only differ in their high frequency
content.

Experiment 1
The first experiment measures simple

reaction time (sRT) to the presentation
of sine wave gratings, replicating a
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The
is the abrupt appearence of a
grating displayed on a CRT
screen. The observer ‘s task igs o
indicate his detection of the change
from a blank to a luminance modulated
screen by pressing a microswitch as
quickly as possible.

result obtained by Breitmeyer [151].
stimulus
luminance

A very simple model of the subject’'s
per formance in the reaction time task
comprises two components, a sensory, and
a motor stage. On the abrupt
presentation of a visual stimulus it is
assumed that only those spatial filters
tuned to the stimulus produce a sensory

response, and that their response
magnitude follows some growth function,
increasing over a short duration

following stimulus onset. The decision

to press the microswitch is taken when
the perturbation of the sensory output
function exceeds a criterion value. The

duration of motor response is assumed to
be constant (approx. 100 msec) ,
independent of sensory factors including
the spatial frequency of the stimulus.

The

total sRT is the sum of the
durations of these two stages. Any
variation in the empirically obtained
latencies with stimulus spatial
frequency can therefore be entirely
attributed to differences in the time
taken for the outputs of the spatial
filters to exceed some criterion level.
The stimulus is a one dimensional

luminace function sinusoidally modulated
about a mean level. This is spread ver-
tically on the screen by a high
frequency oscillator to give the
appearence of a vertical grating.

Fesults for one subject at two
levels are shown in Figure 1. It should
be possible to obtain estimates of
sensory latency from the skRT values by
subtracting from them the constant motor

contrast

time. It can be seen that there is
indeed an increase in the time course of
response with increasing stimulus

frequency. A response to the detection
of a low contrast 9 cpd grating is not
made until up to 100 msec after that to
a 0.5 cpd stimulus of the same contrast.

It can alsc be seen that reaction time
decreases with increasing stimulus
tontrast and the extent of the spatial
frequency based time difference
diminishes. On the basis of the
assumptions made above, this can be
taken to imply that spatial filters

tuned to higher freguencies have longer

latencies than those tuned to lower
treguencies.
Evperiment 2
Having contirmed the evidence for
temporal asvnchronies between spatial

frequency channels
it was decided to

in a detection task,
investigate whether
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Figure 1. Reaction Time to sinusoidal gratings
for one subject at 2 contrast levels

the effect transfers to discrimination.
Most natural visual stimuli do not
comprise a single frequency component
but complex spectra. Furthermore it is

the phase rather than the amplitude
spectrum that determines shape
recognition ([101]. Therefore a choice
Reaction Time (cRT) task was chosen
requiring the discrimination of the
relative phase of a two component
compound grating. If channel asynchrony
imposes deterministic delays on the
transmission of information then
decisions based on higher frequency
information should be delayed relative
to those based on low spatial frequency

information.

The stimuli used in the experiment were
the first two sinusoidal components of a
square wave, added in either square wave
or triangle wave phase. The luminance at

each point, L(x) is given by Equation 2:
Lax) = Lm +'c sin(Z2Pif + Phil) (Equat-
+ c/3 5in(2Pi3f + Phi2) ion 2)

where Lm is mean luminance,

Phi are contrast frequency
respectively. Their luminance
are shown in Figure 2. Observers had to
identify -*each stimulus as rapidly as
possible. The mcodel for the per formance
of the cRT task is similar to that for
sRT except that a discrimination process
must intervene between sensory detection
and the initiation of the motor
response. A motor response can only be
initiated after the detection of the
third harmonic and the discrimination of
its phase relative to the fundamental.
Assuming the speed of phase
discrimination is constant with spatial
frequency, it should not be possible to
make the discrimination until the higher
fregquency information has reached the

and c,f and
and phase
profiles
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Figure 2 Examples of the luminance
profiles of the stimuli used
in Experiment 2.

decision mechanism.
should be an

Therefore there
increase in choice reaction

time with frequency that should depend
solely on sensory delay and should
increase at the same rate as reaction
time to detect the high frequency
component presented alone.

Each stimulus was the sum of two
sinusoids separated in frequency by a
factor of three. In each block of trials
the same fundamental frequency was

always presented, but the relative phase
of the harmonic randomly varied between
either 0 or Pi on each trial with equal
probability. The subject was given two
response keys, one assigned to each
alternative, and instructed to indicate
the perceived phase relationship as
rapidly as possible by pressing the
appropriate switch. The subjects were
also presented with the third harmonic
stimuli in isolation in a sRT task.

shows the results for 4
The increase in sRT with the
of the third harmonic stimuli
follows the pattern of Experiment 1. The
results for the cRT task are plotted in
terms of the frequency of the third
harmonic. Phase discrimination for the
low frequency compound stimuli appears
take approximately 80 msec longer
than detection of its slower component.
1+ this reflected the additional
complexity of the phase discrimination
decision then reaction time to the high

Figure 3
sub jects.
frequency
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Figu?e 3. Results of Experiment 2 illustrating Reaction Time
as a function of Spatial Frequency for 4 subjects.

Closed circles represent mean simple Reaction
Times to single component gratings.

Open circles represent mean choice Reaction

Times for correct responses in the speeded phase discrimination
task. The symbols are plotted against the frequency of.

the third harmonic component of the compound stimulus.

compound would be expected to
show a similar additional delay. However
the surprising result is that the the
relative phase of the third harmonic can
be discriminated as rapidly as the
detection of the same stimulus presented
in isolation.

frequency

It appears that the slope of the CcRT
function is more nearly parallel to that
of the sRT function if plotted in terms
of the frequency of the fundamental,
rather than the third harmonic. The
shallower slope follows the shallower
increase in sRT with freguency at lower
spatial frequencies and higher
contrasts. One possible explanation for
the anomalous result of Experiment 2,
therefore is that the performance of the
task is based not upon discrimination of
relative phase but upon discrimination
of the peak to peak amplitudes of the
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Figure 4 Examples of the luminance
profiles of the stimuli used
in Experiment 3.

waveforms. Although the contrasts of the
two frequency components are the same in
both phase relationships, the ratio of

the difference of image maxima and
minima between the square wave and
triangle wave is 1.41. So subjects could
have been responding to the stimulus on

the basis of global contrast rather than
relative phase. Therefore it was decided
to repeat the experiment with a
condition in which peak to peak contrast
is controlled.

Experiment 3

In this experiment the stimulus is a
compound ~f a fundamental and a second
harmonic of equal contrast. The the

Juminance at
Equation 3 :

each point 1is given by

= lm + o sin(2Pifx + Phil) (Equat=
+ c s1n(2Pi2¥x + Phil) ion 3)
The luminance profile of stimuli in the
twe phase relationships and two
tundamental frequencies are shown in
Figure 4. It can be seen that global
contrast cannot be used as a cue as the
stimuli are related by a reflection. sRT

ta the second harmonic stimuli
in isolation was alsc measured.

presented
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Figure 5. Results of Experiment 3 illustrating Reaction Time
as a function of Spatial Frequency for 2 subjects.

Closed circles represent mean simple Reaction
Times to single component gratings.

Open circles represent mean choice Reaction

Times for correct responses in the speeded phase discrimination
task. The symbols are plotted against the frequency of.

the second harmonic component of the compound stimulus.

The results for two subjects are shown
in=~Fig— 5= The increase in cRT is
parallel to the increase in sRT with
spatial frequency. Thus when global
contrast is removed as a cue there does
indeed appear to be an increase in the
time taken to perform a discrimination
task when the decision has to be based
upon the high rather than low spatial
frequency content of the stimulus.

Discussion

Experiment 1 provided strong
for the idea of asynchronous
of spatial frequency components when
presented in isolation. Low frequency
stimuli can be detected up to 100 msec
faster than high frequency stimuli of
the same ctontrast. That contrast also
increases detection time fur ther
supports the idea of global precedence,
as the amplitude spectra of most natural
stimuli are low pass. Thus the idea of
asynchronous channel operation can be
viewed as providing a computationally
explicit explanation of the intuitive
observation of global precedence.

evidence
detection

Assuming it is possible to predict the
detectibility of anV stimulus at a
constant mean luminance given a
knowledege of the frequency spectrum of
the stimulus and the observer ‘s
modulation transfer function, it should
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similarly be possible to predict visual
conspicuity and the growth of detail
perception over the first few moments of
inspection of any static visual
stimulus, from a knowledge of its
Fourier spectrum and the observer ‘s
reaction time performance. The results

of Experiment 3 are also encouraging,
illustrating that frequency related
detection latency differences transfer
to a discrimination task.

However the analogy between computer
vision and human multi-resolution
systems is far from perfect. One major
problem is raised by the results of
Experiment 25 While there is good
evidence for indi'vidual spatial
frequency components being detected

independently at threshold contrast. the

evidence is not compelling for
suprathreshold stimuli. Assuming that
the channels have a bandwidth of

approximately
possible
frequency
factor oS,

1 octave it should not be
to integrate energy from two
Components separated by a

That this appears to have
occurred in Experiment 2, enabling
global contrast to be used as a cue in
the discrimination task, implies that
channel bandwidth in some way increases
with stimulus contrast. If this is so it

seriously weakens the idea of
independent channels.
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