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Combining image degradations in a recognition task

WILLIAM R. UTTAL, TODD BARUCH, and LINDA ALLEN
Arizona State University, Tempe, Arizona

Six experiments are reported that investigate the effect on form recognition performance of com-
bining three kinds of stimulus degradations: local area averaging of intensities, low-pass spatial fre-
quency filtering, and random dot visual interference. The effects are shown to be more complicated
than previously reported in simple demonstrations. The complexity of the results suggests that mod-
els based on single stimulus attributes such as energy or spatial frequency spectrum probably can-
not account for the data. Eclectic theories that invoke combinations of redundant processes may be
necessary for describing visual recognition phenomena, even within the limited domain examined in

this study.

If there is any single image that has made the transi-
tion from the esoteric experimental studies of perceptual
phenomena to become a public icon, it must be the coarsely
sampled or “blocked” picture of Abraham Lincoln that was
originally presented in the classic paper by Harmon and
Julesz (1973). This degraded picture, shown in Figure 1a,
of the face of the great president has become the proto-
type for paintings by Salvador Dali and the model method
for such prosaic tasks as the obscuring of the face of ar-
rested suspects in the evening television news.

Harmon and Julesz (1973) concluded on the basis of
their demonstration that the blocked image shown in Fig-
ure la “can be recognized more easily after blurring the
sampled and quantized image” (p. 1194) by filtering out
selected high-frequency components. {See Figure 1b.)
Hereafter, this is referred to as the Harmon and Julesz
phenomenon. The particular theoretical explanation that
they proposed in order to explain this phenomenon was
that the energy in the high spatial frequencies, which had
been created at the edges of the averaged regions by the
blocking operation, masked or inhibited recognition of
the face. They went on to assert that removal of a critical
band of that high-frequency information by a spatial fre-
quency filter would selectively improve the recognizabil-
ity of the face. Hereafter, this is referred to as the Harmon
and Julesz theory.

There are two main issues revolving around the Har-
mon and Julesz report that we wish to deal with sepa-
rately. First, we wish to consider the generality of the
phenomenon itself. Second, we wish to consider the cur-
rent status of their theory. Our interest in the generality
of the phenomenon is driven by our general goal of un-
derstanding the effects of combined image degradations
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on perception. It was specifically stimulated by an earlier
study from our laboratory (Uttal, Baruch, & Allen, 1995)
in which we described the effects of combining image
degradations in a discrimination paradigm.

The successive blocking and blurring method utilized
by Harmon and Julesz (1973) in their recognition exper-
iment may be considered to be the antecedent of that dis-
crimination experiment. However, both our earlier work
and the present study explore a wider range of the salient
types of degradations (including random dot visual in-
terference, block sizes, and low-pass filter values) than
has previously been reported. In our two studies, we also
used a different type of stimulus material—aircraft sil-
houettes-—rather than the faces that they used.

The absence of full-scale parametric studies of this and
related visual phenomena is a serious deficiency of much
of the previous work in the field. It is rare (e.g., Bachmann,
1991) when even a single one of the three degrading vari-
ables that we manipulate is presented at other than a few
selected values. Clearly, isolated demonstrations do not
assay the full complexity of the phenomena encountered
when degradations are combined. Not so clear is the fact
that demonstrations that sample only a few points of a
continuum may lead to highly idiosyncratic, nongeneral-
izable, and even inappropriate theoretical models.

The results of our previous study (Uttal et al., 1995)
indicated that in a discrimination task there was no im-
provement in perceptual performance comparable to the
Harmon and Julesz (1973) phenomenon. Subjects were
not able to discriminate two different objects better when
they were sequentially blocked and then low-pass filtered
than when they were just blocked; sequential degrada-
tions always progressively worsened discrimination per-
formance. For a discrimination task, therefore, the Har-
mon and Julesz phenomenon does not obtain.

The question then arises—To what can the difference
between the outcomes of the two studies (Harmon &
Julesz, 1973; Uttal et al., 1995) be attributed? Is it the
task, the stimulus materials, the more extensive range of
independent variables, the order of combination, or some
other aspect of the procedure?
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Figure 1. The classic icon: Harmon and Julesz’s (1973) sequential degradation of the face of Abraham Lincoln: (a) The original
portrait after “blocking”—intensity averaging over square regions. (b) The blocked picture after low-pass filtering with a cutoff Limit
just above the highest frequency present in the original picture. The Harmon and Julesz phenomenon is the purported improvement

in recognition of picture b as opposed to picture a.

To answer this question fully, it is necessary to carry out
at least three follow-up experiments. The first is to use
the same stimulus material that we used previously (the
aircraft silhouettes) in a recognition task. The second is
to use faces in an expanded recognition task, and the
third is to use faces as stimuli in a discrimination task.

Considering the outcome of all of these studies, it would
be important to ask whether other experimental condi-
tions, paradigms, and results provide justification for
maintaining the frequency domain based model as the
context in which analyses should be embedded. Harmon
and Julesz’s explanation is essentially a “bottom-up”
model that assumes that the processing of the spatial fre-
quency components of the stimulus is the critical ele-
ment. However, a fuller, parametric investigation of these
phenomena may suggest that there are “top-down” pro-
cesses, collectable under the rubric of perceptual orga-
nization, that may be better descriptions and explana-
tions of the data obtained so far.

In the present article, we report the results of the first
of these proposed follow-up experiments, in which air-
craft silhouettes were used as a stimulus in a recognition
experiment. In preview, we wish to highlight one partic-
ularly surprising result. In the earlier article from this
laboratory (Uttal et al., 1995), it was reported that the
order of the degradations was not important. That is, a
stimulus could be blocked and then low-pass filtered, or
low-pass filtered and then blocked, with exactly the same

results in a discrimination task. In other words, the degra-

dations were commutative. We also explored comparable

order effects in the recognition task of the present study
and, very surprisingly, discovered that either order of
imposing the two degradations produced improvement!

Though the magnitudes of the effects were not the same,

the qualitative improvement observed when blocking

followed spatial frequency filtering is contrary to the pre-

dictions of the Harmon and Julesz (1973) theory.

It is now clear that combining image degradations pro-
duces much more complicated perceptual effects than was
originally suggested. The results obtained in the present
study tap deeper into those complexities, but certainly
they do not fully answer all the questions concerning the
interactive effects of spatial frequency filtering, blocking,
visual interference, task, stimuli, sequential order, or any
of the other parameters that are relevant to this process.

Beyond the results reported here, there are other indi-
cations that our science has not yet produced a satisfac-
tory theory of these combined effects. The explanation
of the phenomenon offered by Harmon and Julesz on the
basis of masking or inhibition by particular bands of high
spatial frequency information of low spatial frequency
information has, for example, also been challenged by
Morrone, Burr, and Ross (1983) and by Durgin and Prof-
fit (1993).

The purpose of this article is to provide a more com-
plete empirical description of the perceptual effects of
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combining degradations in a recognition task and to take
some steps toward resolving these contradictory results.
Given the complexity of the results obtained in our stud-
ies when degradations were combined, it is unlikely that
we will resolve all issues and answer all questions. How-
ever, an improved understanding of both the empirical
and the theoretical situations may emerge from the re-
sults of the six experiments reported here.

METHOD

Subjects

Between 6 and 8 subjects were used in each of the experiments
reported in this article. Each subject had normal or corrected vi-
sion and was paid an hourly stipend plus a bonus for completion of
each experiment. All were well-trained observers rather than ca-
sual participants. Unfortunately, because of the extended duration
over which the series of six experiments was carried out, the same
groups of subjects did not serve in all the experiments. Some inter-
experimental differences between otherwise equivalent conditions,
therefore, appear in our findings. All conclusions drawn and analy-
ses made, however, are based on intraexperimental differences.

General Procedure

Six experiments were carried out. Three forms of image degra-
dation were used in various combinations either in pairs (Experi-
ments 1, 2, 3, and 5) or in triples (Experiments 4 and 6) to evaluate
their combined effect on the recognition of aircraft sithouettes. In
Experiments 1 and 2, we sought to determine the effect of visual
interference on either filtered or blocked stimuli. The determina-
tion of the effects of combining spatial frequency filtering and block-
ing is the main goal of Experiments 3 and 5. These two experiments
differed in the order in which the other two degradations were ap-
plied. The effect of the addition of the visual interference was mea-
sured in Experiments 4 and 6, which were also opposite in the
order in which the degradations were applied. Table 1 summarizes
the conditions used in each of the six experiments and the overall
design of this study.

The experimental procedure used in this study was fully auto-
mated. Subjects signed into each session by typing their names on
the computer keyboard. This initiated a sequence of actions in which
the experiment assigned for that session was loaded and the com-
puter was configured to present the appropriate stimuli.

The subjects were instructed to identify the single stimulus pre-
sented in each experimental trial. A master stimulus list consisting
of photographs of the 12 undegraded aircraft silhouettes was visi-
ble adjacent to the computer display throughout the experiment. A
trial consisted of a sequence of visual displays on the CRT. The
subject was first presented with a fixation stimulus consisting of
the four, dimly lit, outline corners of the viewing region. This was
followed by a 500-msec blank period. The stimulus display was
then presented for a nominal 100 msec.! Following another 500-
msec blank period, the four dim outline corners briefly appeared
again on the display, instructing the subject to respond by depress-
ing ! ofthe 12 keys on the top row of the computer keyboard. When

Table 1
The Order of Degradation in the Experiments
Experiment

1 Filtering Interference

2 Blocking  Interference

3 Blocking  Filtering

4 Blocking  Filtering Interference
5 Filtering Blocking

6 Filtering Blocking Interference

the subject responded, the fixation corners for the next trial were
displayed and the cycle was repeated.

Because of the highly automated nature of our laboratory and
the rapid exchange of stimulus materials between trials, large num-
bers (approximately 325) of trials were executed in each session.
The obtained data, always measured in terms of the percentage of
correct recognitions, were pooled only across the days of a partic-
ular experiment in order to provide the final values plotted on our
figures. Within each experiment, all conditions were presented in
random order each day to balance out any possible sequence effects.
The stimulus conditions used for any trial were determined by ran-
dom selection with replacement. We also included appropriate
control conditions, as will be described later for each experiment.

Stimuli

The stimuli used in this recognition study were the same 12 solid
aircraft sithouettes that were used in the preceding study; they are
shown in Figure 1 of that paper (Uttal et al., 1995). These silhou-
ettes were captured into the computer memory by a video camera
and were subsequently processed by various combinations of the
degrading algorithms to be described later. Each of the silhouettes
was oriented so that the aircraft was pointing up toward the 12:00
position. All were approximately 1° of visual angle in height. One
degree on our display subtended approximately 39 pixels horizon-
tally and 37 pixels vertically. A stimulus silhouette was presented
once in each experimental trial; it was located at the center of the
viewing region. Since this is a 12-alternative recognition task, the
chance performance level was 8.33%.

Our choice of these particular stimuli was determined by several
factors. First, we wished to compare the results of this experiment
with the results of the earlier discrimination experiment, in which
the same aircraft silhouettes were employed (Uttal et al., 1995).
Second, we specifically wished to use a different class of stimuli
than did Harmon and Julesz (1973), in order to determine whether
there would be a stimulus type effect. Third, although it may seem
a priori that these stimuli may have different properties from those
of the gray-scale image of a face, it should be remembered that the
original binary silhouettes are transformed into gray-tone images
by the degradation processes. Both blocking and spatial frequency
transforms introduce nonhomogenities into the resulting images:
As block size becomes larger and the cutoff frequencies become
lower, there is more and more structure within the boundaries of
what had originally been the homogeneous internal region of the
silhouette. This is illustrated by Figure 2, which shows a sample set
of stimuli used in this experiment.

The contrast of the images produced by the degradations is com-
plex and cannot be simply expressed for each of the conditions of
our experiment (which pool across all stimulus forms). The con-
trast depends on the particular stimulus form as well as on the spe-
cific degradations. When visual interference is added, the contrast
situation is simpler. The peak intensity is the intensity of the indi-
vidual interference dots (maximum screen luminance), and the
least intensity is the dark background as determined by the veiling
light. But this contrast value is irrelevant, since the stimulus image
is varying in the complex ways just mentioned.

Stimulus Degradations

The stimuli were degraded by applying the “averaging over a re-
gion” algorithm (blocking), by blurring the image by removing
spatial frequencies higher than a prespecified cutoff frequency
from the spatial frequency spectrum of the Fourier transformed
image (filtering), or by embedding the stimulus in randomly illu-
minated pixels (visual interference). A more detailed discussion of
the three forms of visual interference is presented in the preceding
paper (Uttal et al., 1995).

In addition to that discussion, in Figure 3 we now also provide a
plot of the shape of the Butterworth filters used in the present ex-
periment. These graphs illustrate the extreme sensitivity of the vi-
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Figure 2. Sample stimuli showing the effect of combining degradations. From left to right, the upper row of three pictures shows the
progressive effect of blocking (with a square averaging region of five pixels on a side), low-pass spatial frequency filtering (with a nom-
inal cutoff limit of 1.48 cycles/deg), and finally with 20% random dotted visual interference superimposed. The same parameters of
degradation are used in the lower three pictures, but the blocking follows the low-pass filtering. All these pictures have been enlarged
to show the local detail of the degradation effects. To appreciate what the subjects saw, one must place these at a distance so that the

stimulus object subtends 1° of visual angle.

sual system to the nominal cutoff limits of these filters. However,
it must be appreciated that the dominant frequencies of the silhou-
ettes lie in a narrow range where the four curves are very steep.

The values of the nominal cutoff limits of the Butterworth filters
used in this study were chosen in pilot studies that showed a very
sharp dropoff in recognition performance beyond the lowest value
(1.30 cycles/deg). For nominal cutoff limits higher than that value,
relatively little change occurred when only this type of degradation
was applied. When filtering was combined with the blocking or inter-
ference, however, the joint effect was quite large and consistently
different for each of the cutoff limits, as will be shown later in this
article.

Apparatus
The experiments reported in this article were carried out on

IBM-PC—compatible work stations with 486 Intel processors op-
erating at 33 MHz. Observers were seated with their heads con-
strained by a chinrest so that their eyes were 64.7 cm from the face
of the display. The entire experimental procedure was controlled
by a computer program that randomly selected the stimuli, pre-
pared the stimulus presentation sequence for each trial, collected
each observer’s responses (i.e., which key on the top row of the
computer keyboard was depressed), and then performed a prelim-
inary analysis of the data obtained in each hour-long session. If a
recognition error was made, auditory feedback of the correct an-
swer was given by a computer speech-generating system through
earphones.

The viewing region was 5.08 X 5.08 cm (4.49° X 4.49° of visual
angle) in extent. The CRT display itself (Tatung Model CM14SBS)

was a raster scan, 34-cm (diagonal measurement) CRT with a full
screen of 1024 X 768 pixels. The experimental room was indirectly
lit by an incandescent bulb so that approximately 1 ¢d/m? fell on
the screen as an ambient veiling light (Baker & Braddick, 1985;
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Figure 3. The shape of the four Butterworth filters used in this
study. Though the curves are very similar, the differences between
them have a substantial effect on recognition because of the relation-
ship between the dominant spatial frequencies of the stimuli and the
steep portions of the curves between 1 and 2 cycles/deg.
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Farrell, Pavel, & Sperling, 1990; Groner, Groner, Muller, Bischof,
& Di Lollo, 1993). The veiling light was measured by determining
the amount of light reflected from a sheet of white paper at the sur-
face of the display with a Tektronix J17 photometer equipped with
a J1803 photometric sensing head.

The ambient veiling light also provided a constant lighting en-
vironment that stabilized the adaptation level of the subjects be-
tween trials. As a general calibration procedure, the luminance of
a test pattern consisting of fully illuminated screen (i.e., all pixels
set to white) was adjusted each day to 100 cd/m? with the veiling
light present. Since illumination levels and stimulus durations are
not critical in this recognition experiment, no attempt was made to
precisely define either stimulus or perceptual durations or the lu-
minance of the individual pixels of the stimulus.2

EXPERIMENTS AND RESULTS

Experiment 1: The Combined Effect of Spatial
Frequency Filtering and Visual Interference

Experiment 1 was designed to determine the effects of
the visual interference on the recognizability of stimuli
that had been blurred by low-pass spatial frequency fil-
tering. This was the first of the six different combination
type experiments used in this study.? Pilot studies had in-
dicated that the range of visual interference densities that
was effective in this recognition study was much lower
than the densities used in the previous discrimination study
(Uttal et al., 1995). Therefore, only densities of 10% and
20% were used in this experiment. Control conditions in
which only the 10% and 20% visual interference levels
were combined with the unfiltered aircraft silhouettes
were also included in the experimental design.

The stimuli were low-pass spatial frequency filtered to
blur the images. Nominal cutoff frequencies of 1.82,
1.65, 1.48, and 1.30 cycles/deg of visual angle were se-
lected as the values of this independent variable.

Figure 4 displays the results of Experiment 1. All data
points in this and all subsequent figures contain standard
error bars as measures of the variability of our results.
The general pattern of results is a progressive decline in
recognition performance as the cutoff limit of the low-
pass filter decreases—that is, as higher and higher spa-
tial frequencies are progressively removed. A nearly
constant 15% difference between the curves representing
the two densities of visual interference was obtained.
The shape of the curves suggests a simple additivity of
the independent effects.

Since each daily session in Experiment 1 consisted of
approximately 325 trials and 6 subjects participated for
four daily sessions, each point on this curve represents a
mean performance score based on approximately 780 trials.

Experiment 2: The Combined Effect of Blocking
and Visual Interference

In Experiment 2, visual interference was superim-
posed upon stimuli that had been blocked by averaging
over square regions varying from 2 to 7 pixels on the side
in steps of one pixel. The same two levels of visual in-
terference were used as in Experiment 1—10% and 20%.
Controls, in which these two visual interference levels
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Figure 4. The results of Experiment 1. The two curves represent the
results for stimuli that were low-pass filtered with the nominal cutoff
limits specified along the horizontal axis. Ten percent and 20% ran-
dom visual interference were added, respectively, to the stimuli, pro-
ducing the two data curves. The control conditions are unfiltered
stimuli embedded in the same two densities of visual interference.
Recognition performance declines as the cutoff frequency is lowered.
The joint effect of interference and spatial frequency filtering ap-
pears to be additive, with no sign of any interaction between the two
forms of degradation. Standard error bars have been added in this
and all subsequent figures. If the bars are not visible, the standard
error was smaller than the symbol size.

were applied to unblocked images, were also inserted
into the experimental design.

The results of Experiment 2, shown in Figure 5, indi-
cate that the differential effect of the two levels of visual
interference was less and more irregular than that ob-
served in Experiment 1. Nevertheless, the effects also
appear to have been mainly additive as in Experiment 1.
Adding visual interference to either of the other two
types of degradation (blocking or filtering) always pro-
duced lower recognition performance for the 20% than
for the 10% densities.

The absolute effect of increasing block size, however,
was more detrimental than spatial frequency filtering. If
one compares the results of Experiment 1 with those of
Experiment 2, blocking can also be seen to have had a
larger influence than spatial frequency filtering in the
ranges of these variables that were used. This result is
opposite to that obtained in the previously reported dis-
crimination study. This comparison illustrates the task
dependence of this type of experiment and suggests that
the perceptual processes are not determined solely by the
spatial frequency components of the stimulus. As we shall
see later in this article, other task-related differences were
also found.

Since each daily session in Experiment 2 consisted of
approximately 325 trials and 7 subjects participated for
four daily sessions, each point on this curve represents a
mean performance score based on approximately 650 trials.

Experiment 3: The Combined Effect of Blocking
Followed by Low-Pass Spatial Frequency Filtering
Experiment 3 was the closest analogue in the present
study to the original Harmon and Julesz (1973) phenom-
enon itself. The aircraft silhouette stimuli were first blocked
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Figure 5. The results of Experiment 2. The two curves represent the
results for stimuli that were blocked by averaging intensities across
the square region sizes specified along the horizontal axis. (V is the
length of a side of the block measured by the number of pixels.) Ten
percent and 20% random visual interference were also added, re-
spectively, to the stimuli, producing the data represented by the two
curves. The control conditions are for unblocked stimuli embedded
in the same two densities of visual interference. Recognition perfor-
mance declines as the size of the block is increased. The joint effect of
interference and spatial blocking also appears to be additive, with no
sign of any interaction between the two forms of degradation.

and then low-pass spatial frequency filtered. The sizes of
the averaging regions used to block the stimuli were 3, 5,
and 7 pixels on the side, a subset of those used in Experi-
ment 2.4 The nominal values of the cutoff limit of the spa-
tial frequency filter used in this experiment were the same
as in Experiment 1—1.82, 1.65, 1.48, and 1.30 cycles/
degree, respectively. In addition to the 12 combinations of
these two factors, two sets of control conditions were nec-
essary in order to make the results understandable. The
first set consisted of stimuli that had only been area aver-
aged at three block sizes, but not subsequently low-pass
filtered. The second control consisted of stimuli that had
only been low-pass filtered at four levels.

The results of Experiment 3 are presented in Figure 6.
The control values for the condition in which the stimuli
were only low-pass filtered are shown as a cluster of over-
lapping points. These control values were very high in
all four graphs, indicating that the stimuli were recog-
nized virtually perfectly when they were only low-pass
filtered at any of the four nominal cutoff limits used in
this experiment.

The solid line in Figure 6 represents the results ob-
tained from the other set of control conditions—the
stimuli that were only blocked and not subsequently low-
pass filtered. Blocking alone produces a substantial dec-
rement in recognition performance; performance pro-
gressively falls as the block size increases. Since no visual
interference was used in this experiment, these values
are higher than those obtained in Experiment 2. The four
broken lines depict the results for the conditions that were
blocked and then low-pass filtered at four spatial frequency
limits. These data have been plotted as a function of the
size of the averaging region used to block the stimuli.

A comparison of the broken lines with the solid lines
in Figure 6 provides confirmation of the presence of the
Harmon and Julesz (1973) phenomenon under at least
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some conditions. The performance levels for these air-
craft silhouette stimuli, which were blocked and then fil-
tered, are higher than those for the controls that were
only blocked, except in the case of the smallest (n = 3)
block size that was used. The outcome for the aircraft sil-
houettes is therefore the same as that reported for face
stimuli in the demonstration by Harmon and Julesz. This
result was found for all four values of the low-pass fil-
ter, with little change as a function of the nominal cutoff
limit—a not unexpected outcome, given the very broad
spectrum of the small dots of the interference.
However, as was previously shown (Uttal et al., 1995),
when a discrimination task is used, the results are com-
pletely different. In that case, the additional image trans-
formation produced by filtering of a blocked image results
in a reduction in performance. In the present recognition
experiment, to the contrary, increased recognizability re-
sulted from the same sequence of degradations and the
associated progressive image transformation. Therefore,
there is a task dependency in this type of sequential deg-
radation experiment that suggests that at least some com-
ponent of the underlying mechanisms is not solely de-
pendent on the spatial frequency characteristics (and,
therefore, either the information content or some in-
hibitory masking effect) of the stimuli. If the results had
been solely associated with available information (i.e.,
spatial frequency components), this dependency on task
would not have occurred. That our results are qualita-
tively task dependent raises questions about the spatial
frequency model of the underlying processes.
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Figure 6. The results of Experiment 3. For this figure and all that
follow, the data are arranged in the following manner. The horizon-
tal axis plots the size of the blocking regions. The results for stimuli
that were only blocked are the main control and are represented by
the solid line. The results for stimuli that were both blocked and spa-
tial frequency filtered are plotted parametrically, with broken lines,
as a function of the nominal cutoff limit of the low-pass filter. The
other set of controls, plotted with separate, but overlapping, points,
includes stimuli that have only been low-pass filtered at the indicated
(c/d = cycles per degree) nominal cutoff frequencies. The results
shown in this figure are for stimuli that have been blocked and then
low-pass filtered and presented without visual interference. This fig-
ure confirms the existence of the Harmon and Julesz (1973) phe-
nomenon; stimuli sequentially degraded in this order are recognized
better than those that are only blocked for the two larger block sizes.
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Since each daily session in Experiment 3 consisted of
approximately 325 trials and 8 subjects participated for
five daily sessions, each point on this curve represents a
mean performance score based on approximately 680 trials.

Experiment 4: The Combined Effect of Blocking
Followed by Spatial Frequency Filtering and With
Visual Interference

Experiment 3 conclusively confirmed that the Harmon
and Julesz phenomenon could be produced by blocking
and then spatial frequency filtering aircraft silhouette tar-
gets. In their classic 1973 paper, Harmon and Julesz also
reported that the addition of random visual interference
suppressed recognition of the blocked Lincoln face if
the visual interference was “spectrally adjacent to the
picture’s spectrum.” However, the opposite result was
obtained by both Morrone et al. (1983) and Durgin and
Proffitt (1993). The latter two studies suggest, to the con-
trary, that the addition of visual interference or grids can
be used as an alternative to low-pass filtering in order to
enhance recognition of a blocked image. However, in our
earlier discrimination study and in Experiments 1 and 2,
adding visual interference always suppressed recognition.

None of these studies, however, considered the effect
of visual interference on a stimulus that had been blocked
and then filtered. The empirical question then arises—
what will be the joint effect of blocking, low-pass filter-
ing, and visual interference (in that order) on recogni-
tion? The purpose of Experiment 4 was to answer that
question. The design of the experiment was identical to
that of Experiment 3, with the one exception that the 20%
density of visual interference was added to each stimulus
presentation. The same control conditions were also used.

The results of Experiment 4 are presented in Figure 7.
The data are organized in exactly the same way as those in
Figure 6. First, the results for the four control conditions
that had neither been blocked nor filtered are plotted as a
cluster of isolated points. Second, the results for the three
control conditions in which the stimuli were only blocked
are plotted with a solid line. Third, the results for the ex-
perimental conditions in which the stimuli were sequen-
tially blocked and low-pass filtered are plotted with bro-
ken lines. All of these data, however, represent conditions
in which 20% visual interference had been added.

The results in this case are very different from those
obtained in Experiment 3. First, and not unexpectedly,
the magnitudes of the effects are much larger. Adding vi-
sual interference made the task more challenging. The
effect of each of the variables was magnified (except for
the smallest, unfiltered block size), and all performance
levels were reduced. More important than this overall quan-
titative difference is the change in the quality of the ef-
fect. Without the visual interference, blocking and then
filtering the stimuli had resulted in an enhancement of
the recognition scores. When interference was added, how-
ever, the same sequence of degradations now resulted in
a diminishment in recognition performance in compari-
son with that for the control stimuli that were only
blocked.
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Figure 7. The results of Experiment 4. In this experiment, the stim-
uli were blocked and then low-pass filtered as in Experiment 3. How-
ever, 20% visual interference was added to the stimuli. The Harmon
and Julesz (1973) phenomenon not only diminishes under these con-
ditions but is reversed for the two smallest block sizes—the blocked
and then filtered stimuli are seen less well than stimuli that have only
been blocked in the presence of visual interference.

Since each daily session in Experiment 4 consisted of
approximately 325 trials and 6 subjects participated for
five daily sessions, each point on this curve represents a
mean performance score based on approximately 500 trials.

Experiment 5: The Combined Effect of Low-Pass
Spatial Frequency Filtering Followed by Blocking

One of the very surprising results obtained in our ear-
lier paper (Uttal et al., 1995) was the commutativity of
the order in which the blocking or the low-pass filtering
had been applied. Either order produced the same effect.
The purpose of Experiment 5 was to determine the ef-
fects of reversing the order of degradation that had been
applied in Experiment 3. Other than that change—reversed
order— Experiment 5 was identical to Experiment 3. No
visual interference was present, and the same values for
the size of the three averaging regions (3, 5, and 7 pix-
els, respectively) and the four nominal cutoff frequencies
(1.82, 1.65, 1.48, and 1.30 cycles/deg, respectively) were
used. The same set of control conditions was also used.

The results of Experiment 5 are plotted in Figure 8.
The same arrangement of the data is used here as in the
previous experiments. As expected, in the absence of the
challenging visual interference, the range of effects is
much smaller than in Experiment 4, but not too dissimi-
lar to that for Experiment 3. Quite unexpected, however,
is the enhancement in performance as a result of block-
ing low-pass filtered stimuli. It can be seen in Figure 8 that
while there is very little effect of blocking a filtered stim-
ulus when the averaging region is three or five pixels wide,’
when the averaging region is seven pixels wide there is
an enhancement of recognition performance. Thus, the en-
hancement of recognition performance does not entirely
depend on the previously reported reduction in high-fre-
quency edges by blurring—it can also be produced by
sequential degradation in which these edges are intro-
duced into a blurred image by subsequent blocking!

It is possible that this is due to the fact that the de-
graded images themselves become recognizable on the
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Figure 8. The results of Experiment 5. In this experiment, all of the
conditions of Experiment 3 were maintained. However, the blocking
and spatial frequency filtered degradations were applied in the op-
posite order—{first low-pass filtering and then blocking. Surprisingly,
there is also an improvement in the recognition performance at the
largest block size.

basis of secondary cues generated by the transformations.
This, however, does not detract from the suggestion that
the present results are contrary to the raw predictions of
any model based solely on spatial frequency component
considerations. The same degradations were used in both
the present and the preceding study (Uttal et al., 1995)
and the results are quite different in a way that seems to
depend solely on the task.

Since each daily session in Experiment 5 consisted of
approximately 325 trials and 6 subjects participated for
five daily sessions, each point on this curve represents a
mean performance score based on approximately 500 trials.

Experiment 6: The Combined Effect of Low-Pass
Spatial Frequency Filtering Followed by Blocking
and With Visual Interference

Finally, Experiment 6 was carried out to determine the
effect of visual interference on the reverse sequence (low-
pass filtering and then blocking) used in Experiment 5.
Except for the addition of the 20% density of randomly
dotted visual interference, all conditions and controls in
this experiment were identical to those in Experiment 5.

The results of Experiment 6 are shown in Figure 9.
The results of this experiment are now seen to be com-
parable to those obtained in Experiment 4. That is, the
magnitudes of the effects were much greater than in Ex-
periment 5 for all except the smallest, unfiltered block
size. Again, however, there is a qualitative change; where
there had been a modest enhancement of the recognition
scores when low-pass filtered stimuli were blocked in
the absence of visual interference, now the result is a uni-
versal decrement in performance in the presence of 20%
visual interference. In this experiment, as in Experiment 4,
the difference between the blocked control stimuli and
the experimental stimuli decreases as the nominal cutoff
frequency of the filter gets higher. In other words, the
difference, as expected, becomes greater as the image is
progressively transformed.

Since each daily session in Experiment 6 consisted of
approximately 325 trials and 6 subjects participated for
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six daily sessions, each point on this curve represents a
mean performance score based on approximately 600 trials.

DISCUSSION

A Summary of the Empirical Results

In this study, we examined the effects of combining dif-
ferent kinds of image degradations on recognition per-
formance. Our main results can be summarized as follows:

1. The nominal cutoff frequency of the low-pass spa-
tial frequency filter had a relatively weak effect (in com-
parison with the effect of blocking) on the recognizabil-
ity of a stimulus (Experiment 1).

2. The size of the averaging block had a relatively
strong effect (in comparison with the effect of spatial
frequency filtering) on the recognizability of a stimulus
(Experiment 2).

(In our earlier discrimination study—Uttal et al., 1995—
these relations were reversed. Blocking had less effect than
did filtering. Thus, even the qualitative nature of our results
depends on the task—among other salient variables.)

3. The superimposition of random dotted visual inter-
ference onto either the blocked or the filtered stimuli pro-
duced a decline in recognizability that was monotonically
related to the density of the interference (Experiments 1
and 2).

4. When stimuli were first blocked and then low-pass
filtered, the previously reported (Harmon & Julesz, 1973)
paradoxical increase in recognizability occurred (Exper-
iment 3).

5. When random dotted visual interference was super-
imposed on the same stimuli (degraded by blocking and
then by low-pass filtering), the effect was completely re-
versed. Rather than the paradoxical increase in perfor-
mance, in the presence of visual interference subsequent
low-pass filtering of a blocked stimulus produced a sub-
stantially lower recognizability score than did blocking
alone (Experiment 4).

6. Quite surprisingly, sequential degradation by low-
pass filtering followed by blocking also produced an en-
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Figure 9. The results of Experiment 6. The experiment is identical
in design to that of Experiment S, with the exception that 20% ran-
dom dotted visual interference was added. In this case, as in Experi-
ment 4, the addition of the visual interference results in a reversal of
the effects observed in Experiment 5—the enhancement in recogni-
tion performance observed there has become a substantial decrement
except in the case of the largest block size.
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hancement in recognition scores under the experimental
conditions used in this study (Experiment 5). (This re-
sult, coupled with the findings obtained in Experiment 3,
suggests that there is a certain degree of commutativity
in recognition as well as in discrimination.)

7. Unsurprisingly, given the results of Experiment 4,
when random dotted visual interference was superim-
posed on the stimuli that had been low-pass filtered and
then blocked, the unexpected enhanced performance ef-
fect observed in Experiment 5 was completely reversed,
and the surprising result with reversed order was also
eliminated (Experiment 6).

The Issues

The results of this study highlight the true complexity
of a visual phenomenon that had seemed at first glance
to be straightforward and simple. The task seems to be as
influential as the raw spectral characteristics of the stim-
ulus.® Our results also illustrate the extreme importance
of broad-scale, parametric examination of phenomena
first observed in singular demonstrations. Although the
data obtained in this study provide confirmation of the
existence of the Harmon and Julesz (1973) phenomenon
under some conditions, they also show that the effect is
not universal (it does not occur in discrimination) and that
it can occur in situations which their theory had not pre-
dicted—that is, filtering followed by blocking. Further-

more, under challenged viewing conditions (established.

by the superimposition of the random visual interfer-
ence), the effect may be not only reduced, but reversed.

Similar caveats warning against premature adherence
to a particular theoretical point of view are embodied in
the different effects of visual interference reported here
and from other laboratories. Morrone et al. (1983) re-
ported that adding visual interference (visual noise, in
their terminology) at spatial frequencies adjacent to
those composing the stimulus image enhanced the rec-
ognizability of faces. Harmon and Julesz (1973) re-
ported that “noise” in this same spatial frequency region
inhibited recognition performance, whereas “noise” out-
side this range had little effect on perception. In this ar-
ticle and in the preceding one, we report that visual inter-
ference always lowers performance in spite of the fact
that the punctate interference that we use has a broad-
band spatial frequency range. Durgin and Proffitt (1993)
added lines at the boundaries of the blocks (thus adding
high-frequency energy exactly at the critical band and
place) and found enhanced recognition. The empirical dis-
crepancies that have emerged between the results of the
present study and those of previous efforts emphasize the
necessity for more complete examination of the param-
eters involved in any kind of complex, multivariate study
of visual perception.

The most important implication of these differences in
empirical results, however, lies in their impact on the
previous theoretical approach to the manifold of prob-
lems encountered when the perceptual effects of sequen-
tial or combined degradations are studied. Even though
there may be no disagreement that the units of stimulus

specification used in these studies may conveniently be
those of the frequency domain space, the impulse toward
a theory framed solely in those terms may be inappro-
priate. That is, spatial frequency theoretical explanations
may be too narrow and incomplete even though spatial
frequency measures may be useful and adequate.

We also note that the exceedingly difficult problem
posed by any kind of recognition cannot be completely
characterized by a theory that suggests that any particu-
lar spatial frequency band is the only one capable of per-
mitting recognition. We can recognize a face, for exam-
ple, on the basis of high spatial frequencies (Fiorentini,
Maffei, & Sandini, 1983), intermediate bands (Hayes,
Morrone, & Burr, 1986; Parker & Costen, 1993), low
frequencies (Ginsburg, 1978), or even the few lines of a
caricature. Any theory of shape recognition, therefore, must
have an eclectic basis and must permit a variety of dif-
ferent perceptual processes to be invoked as the situation
requires.

It may be that no universal theory of recognition is
possible. Rather, the perceptual system may have to be
viewed as a collection of processes, a “bag of tricks” in
Ramachandran’s (1985, 1990) words, able to either col-
lectively or independently operate by means of a variety
of processes on an ensemble of redundant cues, hints, or
clues to produce whatever it is that we call “recognition.”

Is a change in emphasis from what in another vocab-
ulary would be considered to be a “bottom-up” spatial
frequency domain explanation to a “top-down,” percep-
tual organization analysis justified? To us, it seems un-
likely (although we cannot yet reject the possibility) that
a “bottom-up,” spatial frequency based model could ex-
plain all of the contradictory results obtained. There are
too many contradictions in the data, variations in the re-
sults that depend on the conditions of the experiments,
and “paradoxes” of one kind or another, to currently con-
ceive of any model based on a single dimension, attri-
bute, or mode.

We offer the conjecture that while the frequency do-
main characteristics of the stimulus certainly do affect its
perception, the spatial frequency spectrum is only one of
several salient factors. These other factors include task,
stimuli, order, and organization. This last term, from our
perspective, is probably the most fundamental. It stresses
the idea that the global configuration of the parts of a
stimulus is the most salient attribute of an object—not
any part or feature, and particularly not any feature from
the frequency domain. This is not a novel idea, of course;
others have championed the global or configurational
precedence point of view. They include the Gestalt psy-
chologists (e.g., Koffka, 1935), Lockhead (1972), Navon
(1977), and the other modern students of visual percep-
tion who contributed to the seminal volume by Kubovy
and Pomerantz (1981) stressing the importance of per-
ceptual organization.

This alternative point of view also suggests that there
are many different ways in which the information of the
configuration may be communicated to the observer.
While features such as edges, corners, “geons,” “textons,”



or spatial frequency components may play a useful role
in describing stimuli, the complex and difficult-to-quan-
tify factor to which we refer as arrangement may actually
be the most meaningful perceptual parameter. If so, we
must once again acknowledge the enormous insight of
the classic Gestalt students of perception.
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NOTES

1. The 100-msec duration was chosen to avoid any opportunity for
eye movements or extended scrutiny of the image. The actual duration
of the effective stimulus was, of course, longer because of the impulse
function of the eye. We have never obtained any results that suggested
that this duration was a critical factor in the kind of experiment de-
scribed here.

2. Another source of uncertainty is the gamma function of the dis-
play. We measured this functional relationship between the digital in-
tensity code and the screen luminance. It is approximately linear, but
not exactly. At low coded levels, there is a significant discrepancy. This
can be corrected in several ways, as is described in an article by Pelli
and Zhang (1991). Our procedure included a veiling light that partially
served this function. However, we do not believe that this changed the
qualitative nature of our results in any substantial manner.

3. The single degradation experiment was not necessary in this
experimental design. These data are available by tabulating the control
conditions used in Experiments 3 and 5 and in our earlier paper (Uttal
etal., 1995). In brief, all single-variable experiments produced monot-
onic declines in recognition performance as the degradation (visual in-
terference, low-pass filtering, or blocking) increased. However, the
magnitudes of the effects varied from one type of degredation to an-
other.

4. As the number of variables increased from two in Experiments 1
and 2 to three in Experiments 3-6, it was necessary to reduce the num-
ber of values of each variable so that an adequate sample size for the
remaining conditions could be obtained.

5. These results would be even more remarkable if the block-only
control score for the 5 X 5 pixel condition was not so high. The differ-
ence between this particular block control condition in Experiment 5
and Experiment 3 is inexplicable, but it may have been influenced by
the different subject populations in the two experiments, among other
unknown factors.

6. In a subsequent report we shall show that the type of stimulus ma-
terial is not influential in determining the results for the recognition task.
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