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Visual phase resolution for gray-scale textures

MARTIN HUBNER, TERRY CAELLI, and INGO RENTSCHLER
University of Munich, Munich, Federal Republic of Germany

We compared the effects of two different phase-filter operations (quantization and randomiza
tion) on the discriminability of gray-scale textures. The resulting discrimination scores were found
to be the same, provided the filter operations had been normalized with respect to the mean ab
solute difference in phase. This enabled us to show that the phase information of gray-scale tex
tures could be compressed to only 16 phase states-a value that was twice as high as previously
suggested. We found it difficult to decide whether the observers based their decisions on Fourier
phase or on luminance profile cues, which prompted us to further analyze the results in terms
of the percent bit modulation of the phase-filtered images. The latter measure of space-domain
differences captured human performance equally well; therefore, our results are not supportive
of the notion that the visual system encodes spatial phase information per se.

The study of the visual processing of arbitrary gray
scale images requires a complete description of the im
age. This description can be given in the image (i.e.,
space) domain by the two-dimensional intensity distribu
tion. Alternatively, a unique definition of an image can
be obtained from the two-dimensional Fourier transform
of the intensity distribution (see Caelli, 1981). The Fou
rier representation can be envisaged as the decomposi
tion of the image into harmonic components, with each
spatial frequency component being defined by its ampli
tude and phase values. The amplitude determines the con
trast of each component, and the phase defines its posi
tion with respect to the frequency coordinate system. It
has been suggested that the Fourier decomposition more
closely resembles actual coding properties in primary
visual processing stages than do the image domain
representations (for reviews, see Julesz & Schumer, 1981;
Pollen & Ronner, 1983). However, most studies in this
area have been concerned with the processing of one
dimensional grating patterns with a few frequency com
ponents. It is the aim of this report to further investigate
the detectability of changes in the frequency spectrum due
to phase alterations in suprathreshold two-dimensional
images.

Of particular interest in the application of Fourier anal
ysis to image processing are the resolution limits of the
visual system to the corresponding spatial frequency in
formation. In two studies, Caelli and Hubner (1983, 1984)
showed that human observers were largely insensitive to
changes in the amplitude information if these changes were
restricted to the two-dimensional bandwidths of about JA
octave and 10°. Thus, they established a very efficient
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code for the processing of image energy. This result is
in agreement with the findings of Caelli, Brettel, Rentsch
ler, & Hilz (1983) concerning increment thresholds of
grating spatial frequency and orientation. However, as
demonstrated by Oppenheim and Lim (1981) and Bret
tel, Caelli, Hilz, and Rentschler (1982), it is the phase
spectrum that determines the image structure. Conse
quently, a number of reports have been concerned with
observers' sensitivity to phase-related changes in lu
minance profiles (Badcock, 1984; Burr, 1980; Caelli &
Bevan, 1982; Lawden, 1983; Rentschler & Treutwein,
1985).

Caelli and Bevan (1982) were the first to determine the
resolution limits for two-dimensional phase information
in gray-scale images with many frequency components.
They investigated the discriminability of original gray
scale textures and of phase-quantized versions of these
textures as a function of contrast. In a phase-quantized
image (see Goodman & Silvestri, 1970), the phase spec
trum contains only a finite number of phase states. For
example, a phase-quantization step of 90° results in only
four phase values (0°, 90°, 180°, and 270°), and the
phase of each frequency component is set to the closest
of these values without changing its amplitude. When the
quantization steps are increased in size, the correspond
ing distortions in the intensity distribution also increase.
Caelli and Bevan determined the contrast threshold for
the discrimination of the original and of its phase
quantized versions. They found that images quantized in
15° steps could not be discriminated from the originals.

Because phase quantization restricts the spectrum to a
few phase values and brings about distortions of the im
age structure (see Figure 1), it is not clear whether these
distortions are due only to the loss of phase information
or whether the relative enhancement of certain phase states
is also important. Therefore, the phase-quantization tech
nique as such does not allow for direct conclusions as to
the redundancy in phase information. For this reason, we
decided to compare the results of phase quantization with
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Figure 1. Top: Original 128 x 128 six-bit pixel texture. Second row: Phase
quantized texture (left) and phase-randomized texture (right) with a phase res0

lution of 20°. Third row: Same as in second row but with a phase resolution
of 45°.

those of an alternative phase-distorting filter operation.
The latter procedure also reduces the phase information
content of an image, but it does not impose restrictions
on the distribution of phase values within the phase do
main. We will refer to this process as phase randomiza
tion because it replaces the phase of each spatial frequency
component of an image by a new value that is generated
by means of a random process (for details on this proce
dure, see the Method section).

Another problem with the investigation of the percep
tual consequences of image-phase modulation is that phase
coding per se and the detection of phase-related changes
in image luminance profiles must not be confounded
(Badcock, 1984; Rentschler & Treutwein, 1985). This
prompted us to use an image domain measure as well;
that is, we used the average absolute pixel difference (or
percent bit modulation) to compare the usefulness of space
and spectral domain representations for the characteriza
tion of the effects of image-phase modulation.

METHOD

Subjects
Two observers (aged 29 and 30) with normal or corrected-to

normal visual acuity, one of whom was the first author, partici
pated in the experiments.

Stimuli
The original image used throughout the study was a random check

erboard texture of 128 X 128 pixels with a check size of 8 x 8
pixels. The gray levels spanned a fun six-bit linear range (64 gray
values). This image was Fourier transformed by the Cooley-Tukey
Fast Fourier Transform (FFT), and the phase spectrum was quan
tized or randomized with steps of 10°, 15°,20°,24°,30°,36°,
40°, and 45°.

The process used to generate the phase-quantized versions of the
original gray-scale texture was the same as that used by Caelli and
Bevan (1982). With phase randomization, corresponding steps de
fine the lower and upper bounds for the random numbers. For ex
ample, a randomization step of 90° means that an original phase
value of, say, 30° is replaced by a random phase angle that must
lie in the range of 0° to 90°. An original phase value of 295 0 is



replaced by a number that lies between 270° and 360°, and so forth.
The subsequent inverse Fourier transform resulted in 16 phase
distorted images, examples of which are shown in Figure 1.

In a previous study (Caelli, Hubner, & Rentschler, 1985), we
found that observers were about equally sensitive to phase changes
in different frequency bands. Therefore, in the present experiment,
the phase alterations were enacted over the full frequency spectrum.
It is also important to note that these frequency domain filter
processes do not change the amplitudes of the spatial frequency com
ponents. Consequently, all images had an identical space average
luminance (60 cd/m-) and a peak contrast value of 60% [(lmax 
Imin)/(l max + Imin), I = luminance]. Note also that the original
texture's phase spectrum had a uniform density. The randomiza
tion process, by definition, does not destroy this property, whereas
the quantization process, as used previously by Caelli and Bevan
(1982), results in only a few discrete phase states.

The images were displayed by a Videograph image-processing
system (interfaced with a DEC LSI 11/23 laboratory computer) on
a BG 123 Grundig television monitor with P32 phosphor. The im
ages subtended a visual angle of 2° at a viewing distance of 1.7 m.

Procedure
Because we were concerned with the precise determination of

the phase resolution threshold for suprathreshold images, we did
not use Caelli and Bevan's (1982) contrast paradigm. Instead, we
established psychometric functions, with the phase distortion steps
being the independent variable.

The trials were designed to provide discrimination sensitivities
between the original image and its phase-distorted versions. Each
trial consisted of an initial presentation of the original texture for
200 msec, followed by one of the phase-distorted images in the same
spatial aperture for 200 msec, with an interstimulus interval of
700 msec. Between the trials and during the interstimulus period,
the luminance of the screen was set to the space average luminance
of the targets. The observers were instructed to respond as to whether
they believed the two images shown were identical or different,
using confidence ratings between 1 and 3 for same and 4 to 6 for
different. One run consisted of 20 replications for four distorted
images (10°, 20°, 30°, and 40° or 15°,24°, 36°, and 45°) from
each of the two filter processes (quantization or randomization) and
40 catch trials (original texture followed by original). The second
(probe) image types were presented in random order. The subjects
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initiated each trial by pressing a button. Each run was repeated three
times, which resulted in 240 x 3 x 2 = 1,440 trials for each ob
server.

Data Analysis
The sensitivity scores were obtained by calculating the area peA)

under the receiver operating characteristic (ROC). A maximum
likelihood method for estimating the parameters of the signal de
tection model was used. This method was developed by Dorfman
and Alf (1969), and a more recent version of the related program
RSCORE was provided by Harvey (1984). Note that a value of P(A)
= 0.5 corresponds to guessing, and a value of 1.0 corresponds to
100% correct. It is also of interest that P(A)-the area under the
ROC curve-may be interpreted as the probability of a correct
response in a two-alternative forced choice situation (Green & Swets,
1974).

RESULTS AND DISCUSSION

The results for the 2 observers are shown in Figure 2.
As expected, the discrimination scores increased with in
creasing phase distortion steps, but scores to randomiza
tion (solid lines) clearly exceeded those for phase quanti
zation (dashed lines) with respect to the step size. This
came as a surprise because, for each step, the filter oper
ations were enacted over the same phase range.

To further analyze the results, logistic functions of the
form

exp(Pl +P;lX)
f(x) = 1 + exp(Pl +P;lX)

were fitted to the data (computer program PLR, BMDP
statistical software, Dixon, 1981). Here, we assumed that
at zero phase shift (identicalpatterns), the observers would
behave in an unbiased manner, which would result in peA)
= 0.5. Since this was evidenced from our results, we used
this offset value in fitting the logistic function. We then
calculated the differences at peA) = 0.75 between the two
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Figure 2. Discrimination sensitivities []'(A) = area under the ROC curve] for phase-quantized tex
tures (circles, dashed lines) and phase-randomized textures (squares, solid lines) as a function of phase
resolution. Logistic functions were fitted to the data points (see text).
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curves in order to obtain some measure for the difference
in discrimination scores to phase quantization and ran
domization. The results were 7.1 0 (M.H.) and 9.r
(W.E.). These differences do not necessarily imply that
the phase randomization process is, per se, a more per
ceptually salient method of destroying image structure.
This is because the mean (or total) absolute differences
in phase between the original texture and its phase
modulated versions were not identical for both methods.

A Phase Domain Measure of Image Distortion
To obtain a measure for those differences that were in

dependent of the specific type of phase modulation em
ployed, we defined the mean absolute difference in phase
(MAD) between the original (0) and ftltered (f) versions
thereof as:

1
MAD = n2 E E 14>.(k,m) - 4>Ak,m) I.

k m

When the discrimination scores shown in Figure 2 are
replotted as functions of the mean absolute phase differ
ences between the original and the phase-altered spectra,
the apparent differences between the two processes ef
fectively disappear (Figure 3). In other words, the differ
ences in discrimination sensitivities documented in
Figure 2 do not reflect differences in sensory processing,
but rather must be attributed to differences in the amount
of physical image distortions as a result of the respective
phase modulations.

In summary, these results show that, regardless of the
type of phase modulation employed, observers cannot de
tect changes in the structure of gray-scale textures if the
mean absolute deviation from the original spectrum is be
low about 50. Moreover, the results ofboth phase manipu
lations are equally detectable above threshold; that is,
identical discrimination scores are produced if the mean
absolute difference is considered.

Image Information Compression
It would thus seem that, due to the apparent equality

in image distortion found here, the quantization proce
dure is as adequate as any other encoding technique for
phase information compression. Figure 2 shows that the
threshold, in phase step size, is about 25 0

, whereas in
Figure 4, we show that this resolution limit seems to hold
also for more "natural" images than textures. In the top
row, two original images (256 X 256 pixels, 64 gray
values) are shown. These images were phase quantized
(second row) to only 16 phase values (360/16 = 22.5 0

quantization step), and even careful inspection reveals
almost no differences when compared with the originals.
Therefore, it can be concluded that 16 possible phase states
for each frequency component are sufficient to encode the
phase spectrum of such images. Together with the briefly
mentioned efficient amplitude code (Caelli & Hubner,
1984), these findings might also have implications for cer
tain applications in digital image processing, and, indeed,
issues of "efficient" detector proftles for biological im
age processing (see Pollen, Foster, & Gaska, 1985).

Measuring Image Distortion in
the Intensity Domain

In our experiments and demonstrations, we were con
cerned with the deteetability of changes in the image struc
ture of two-dimensional gray-scale textures brought about
by precisely defined filter operations of image phase spec
tra. By definition, these filter operations allow for the in
vestigation of the discriminability of images with identi
cal power spectra and total energies. This type of
experiment, however, does not allow for conclusions con
cerning the underlying mechanisms that are responsible
for the discrimination behavior. In fact, Rentschler and
Treutwein (1985) showed that in the case of one
dimensional grating patterns with two frequency compo
nents, the phase difference between the first and third har-
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Figure 3. Discrimination sensitivities [P(A)) for phase-quantized textures (circles, dashed lines) and
phase-randomized textures (squares, solid lines) as a function of the mean absolute difference in phase.
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Figure 4. Top row: Two original images (256 x 256 pixels) with 64 gray values.
Second row: Phase-quantized versions with a phase resolution of 22.5° (16 phase
values).

monic did not predict human discrimination performance
when foveal and extrafoveal vision was compared. They
concluded that their results were incompatible with phase
coding per se (see also Badcock, 1984; Watt, 1985), and
that local measures of the intensity profiles had to be taken
into account. Therefore, one would expect that some
intensity-domain measure for the difference between the
original and the phase-distorted images should predict
equally well discrimination performance. Hence, we have
also calculated the average absolute pixel difference (per
cent bit modulation, or PBM) between the original tex
ture and the phase-filtered images. This intensity domain
measure of image distortion is defined by:

PBM = 100 . ~ E E IL,(k,m) - IAk,m) I
n2 k m L,(k,m) ,

in which 0 = original and f = filtered images.
In Figure 5, the discrimination scores obtained from

our experiment are replotted against the corresponding
PBM. It can be seen that this formula predicts discrimi
nation performance very well. We therefore conclude that,
at least within the present experiments, image domain
(pixel differences) and Fourier domain (phase differences)
measures both predict equally well the ability to dis
criminate two images that differ due to precisely defined
phase-filter operations. In this sense, the image-domain
and spectrum-domain descriptions are envisaged as alter-

native stimulus descriptions that are both in accord with
human visual performance.

CONCLUSIONS

We have demonstrated the perceptual equivalence of
two types of image-phase modulation-namely, phase
quantization and phase randomization-under the condi
tion that the effect of these filter operations was normal
ized with respect to the mean absolute difference in phase
between the original image and its phase-altered versions.
Insofar as the issue of the neural encoding of phase in
formation is concerned, this result is hardly compatible
with the idea that there are a small number of' 'phase sen
sitive devices" being selectively tuned to a few phase
states, such as, for instance, 0 0 and 180 0 (see Atkinson
& Campbell, 1974). It should be kept in mind, however,
that our results were obtained by the use of gray-scale
textures that were characterized by a uniform distribu
tion of phase states. Hence, it remains to be seen whether
the above-mentioned equivalence also holds for other
types of images that have uneven distributions of phase
states with possible maxima of their density around, say,
0 0 or 180 0

•

The normalization of phase-filter operations in terms
of the mean difference in phase between an original im
age and a phase-altered version of that image enabled us
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Figure 5. Discrimination sensitivities [P(A)] for phase-quantized textures (circles, dashed lines) and
phase-randomized textures (squares, solid lines) as a function of the pixel difference between the origi
nal and the phase-rIItered images.

to unequivocally answer the question of phase-information
compression. We found a minimum of 16 resolvable phase
values; that is, we established that an original gray-scale
texture could not be discriminated from its phase
modulated version when at least 16 equally distributed
phase states were present. This is twice the number previ
ously suggested by Caelli and Bevan (1982). It is also in
teresting to note that the present value of22.5° phase reso
lution compares well with the value of 30° obtained by
Burr (1980) for the discrimination of compound gratings,
and with a detection limit of about 20°-30° as reported
by Caelli et al. (1985) for the detectability of band-limited
phase shifts in gray-scale textures.

The second type of equivalence that we found was that
between phase (or spatial-frequency) domain and inten
sity (or space) domain measures of image distortion. This
is hardly surprising from the mathematical point of view,
because the two-dimensional function of luminances
across the image (or space) domain is uniquely related
to its Fourier integral and, therefore, to its amplitude and
power spectra (uniqueness theorem of Fourier transforms;
see Korn & Korn, 1968, p. 140). Yet, it has been pro
posed that the encoding of images in the brain is more
adequately described by spectral image properties (see the
introduction). Such a possibility would not necessarily be
in conflict with the uniqueness theorem of the Fourier
transform, because the implicit assumption of the "Fou
rier theory of vision" is that sensory processing is res
tricted to certain components of the image spectra, thus
removing the unique relationship between the physical im
age and its neural representation. Our present findings
are not suggestive of such a notion; however, as with most
past experiments, it is difficult to arrive at more precise
conclusions as to whether our observers were respond
ing to space or spatial-frequency domain information.
Rentschler and Treutwein (1985) were able to solve this
problem for the case ofcompound gratings by using pairs

of target images that differed only in the positional rela
tionships of gray levels (iso-second-order joint-probability
density, in the case of binary images). Yet it is not clear
how such a restriction could be imposed on gray-scale
textures, which were the concern of the present study.
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