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Abstract-Thresholds for discriminating between the spatial phase relationship of the two component 
sinusoids f and 3~” of a complex waveform were measured as a function of spatial frequency. Three 
experiments were conducted. yielding the following results. 

1. Thresholds for relative phase were about 30” for all spatial frequencies at which both sinusoidal 
components were clearly visible. 

2. The contrast threshold for discrimination of 180” of ohase was as low as that for detection of the 
third harmonic. 

3. Sensitivity to phase varies across the phase range, being best when one grating of the discrimination 
pair is seen to be in “square-wave” phase. 

1NTRODUCI’ION 

Evidence has been accumulating steadily over the 
past decade to support the view that visual stimuii are 
detected by a battery of independent mechanisms, 
each responsive to a narrow range of spatial frequen- 
cies and orientations (see for example Braddick et al., 
1979). Natural visual stimuli are composed of various 
spatial frequencies added together in a specific phase 
relationship. Therefore, for the perception of such 
complex stimuli, it becomes important to investigate 
how the visual system processes phase information. 

To date this problem has received little attention, 
but the few studies which have been reported al1 sug- 
gest poor phase seiectivity. For example, Nachmias 
and Weber (1975) report that at the contrast thresh- 
old, phase differences of 180” cannot be detected. 
Atkinson and Campbell’s (1974) “monocular rivalry” 
also implies poor resolution. At low contrasts, a com- 
pound grating comprised of two sinusoids f and 3J 
added in 90’ phase, produces an ambiguous percept 
(see Fig. Ic). It seems to alternate in appearance 
between a “square-wave” (like Fig. Ia) and a 
“triangle-wave” (like Fig. id). To explain this, Atkin- 
son and Campbell have proposed the existence of 
“phase selective devices” responsive only to 0 and 
180”. When stimulated by a grating of intermediate 
phase, these devices respond separately, each inhibit- 
ing the other, so the grating seems to alternate in time 
between two stable states. 

The present series of experiments investigates 
further the question of phase perception, measuring 
thresholds for discriminating relative phase in com- 
pound gratings. Thresholds are reported for a wide 
range of spatial frequencies, contrasts, luminances and 
phase relationships. 

* Present address: Laboratorio di Neurofisiologia de1 
CNR, Pisa, Italy. 

.MFZTHODS 

The generaf procedure was to present sequentially 
two gratings separated by a 1 set interval on an os- 
cilloscope face and ask the observer to identify the 
interval which contained, say, the “square-wave like 
wave”. The gratings were a compound waveform of 
two sinusoids f and 3f of contrast ratio 3: 1 (like a 
square wave) but added in variable phase (see Fig. 1). 
Within each trial, the waveforms of both intervals 
were of the same frequency and contrast, but of differ- 
ent relative phase. The position of the grating on the 
screen, that is its absolute phase, varied randomly 
between pr~entations. Thus to make the forced 
choice discrimination, the observer had to detect the 
difference in relative phase. 

Waveform generation and display, response record- 
ing and scoring were aI1 performed by a Digital PDP 
S/I laboratory computer. A trial consisted of two suc- 
cessive gratings each smoothly fading on and off 
within a raised cosine envelope [m = :m,(l-cos(r/t) 
2x), where m is instantan~us contrast, mp peak con- 
trast, t time and t total duration] 250msec long at 
half height. The observer responded by pressing the 
appropriate response button, which on release, in- 
itiated the next trial. Trials (about 200 per session) 
were chosen at random from a pool varying across a 
large range of spatial frequencies. 

Measurements were made with a forced choice 
technique that combines the virtues of the standard 
staircase procedure described by Wetherill and Levitt 
(1965) and frequency of seeing analysis. Measure- 
ments of all spatial frequencies were made concur- 
rently within one session, with the separate staircases 
randomly interleaved. Each staircase started at a ran- 
dom relative phase (or contrast in Experiment 2) then 
“homed in” to a range of values near threshold, first 
in 22 then 11” steps (or 6 then 2 dB steps in Experi- 
ment 2). Thresholds were calculated, not by the usual 
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method of averaging the last few trials, but by the 
more sensitive method of fitting a Weibuti function 
~Weibull, 1959) to the frequency of seeing data and 
calculating the 82p;, point (see Appendix to Watson, 
1979).* The purpose of the staircase was to choose a 
range of values around threshold where the psycho- 
metric function is of steepest slope, and which there- 
fore provide maximum information about threshold. 
The process was repeated three times for each con- 
dition, yieiding an estimate of mean and standard 
error. 

Waveforms were displayed on the face of a cathode 
ray oscilloscope, using the standard television tech- 
nique of Shade (1956). The face was masked to a 
20cm diameter circle and evenly illuminate to 
200 cd m- ’ by a raster of 1000 lines at 150 Hz frame 
rate. It was surrounded by a 1 m2 screen of the same 
luminance. As the viewing distance varied between 
experiments, screen size in degrees is noted below 
each figure. 

Results are reported here for only one observer. the 
author, but all measurements have been verified by at 
least one other observer. 

RESULTS 

T~res~~ds~r phase discr~~i~urion 

This experiment measures the 
angle between f and 3f which can 

minimum phase 
be discriminated 

from zero. Measurements were made over a wide 
range of spatial frequencies, contrasts and luminances, 
and are summarized in Fig. 2. 

The most obvious result is that provided both com- 
ponent sinusoids are clearly visible (that is, about 

* I am highly indebted to Denis Pelli for his capable 
assistance and the loan of his software in making these 
calculations. 
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12dB above their visibility threshold), the threshold 
for phase discrimination is almost constant across the 
range of spatial Frequencies, always about 30’ As fo: 
contrast sensitivity measurements, there is a high fm- 
quency and sometimes also a low frequency cut, 23. 
pecially at low contrast or low luminance. Neverthe- 
less, at high contrast and luminance, phase sensitivity 
is independent of spatial frequency [or over a decade. 

This result may seem to conflict with Westheimer’s 
(1978) recent paper reporting phase sensitivity to be 3 
linear function of spatial frequency, about 10 set arc 
at all frequencies, rather than a constant phase angle. 
However, the two experimental procedures differed 
markedly. Westheimer presented sequentially two 
sinusoidal gratings, one slightly displaced with respect 
to the other, and asked subjects to identify thz direc- 
tion of the displacement. Such a sequence is usualI> 
perceived as a single grating moving smoothly from 
one position to another. Westheimer’s experiments 
measure the minimum detectable displacement over 
time, which is perhaps better considered as a measure 
of motion sensitivity, rather than sensitivity to relative 
phase. 

Contrast required for phase discrimination 

This experiment again measures phase resolution, 
but in a different way. Rather than measuring the 
minimum detectable phase at a given contrast. it de- 
termines the contrast required to discriminate 
between two compound gratings varying by a given 
phase angle, compared with that required to detect 
the presence of the third harmonic under similar con- 
ditions In all sessions, one interval always contained 
the 0” phase compound (Fig. la). The other varied 
between sessions, being either a compound added in 
4590 or 180” phase (Figs lb, c, d) or the fundamental 
sinusoid (f) on its own. 

Figure 3 displays the results. There is clearly no 
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Fig. 2. Threshold phase discrimination as a function of spatial frequency for three contrast levels of 3/ 
107 fo), 3% (El) and 1% (a) (with f three times the contrast of 3f), all at 200 cd m-*; and at 10% 
eon& at t cd mw2 (0). The screen size was 4’ in ail conditions. Standard errors were all about the size 

of the symbols. 



Fig. 1. Examples of the stimuli used in this series of experiments. All four gratings are compounds of 
two sinusoidsfand 3j-at 10 and 3.39d contrast respectively. For Figs (,a)-(d) they were added in 0 (peaks 
subtract). 45, 90 and 180’ (peaks add) phase. Figure (c) provides a good demonstration of monocular 
rivalry. Rather than appearing “sawtooth like”, it alternatively looks like the square-wave of (a) and the 

triangle-wave of (d). Figure (b) very rarely alternates in appearance, and (a) and (d) are quite stable. 
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Fig. 3. Contrast required for detection (0) and for discrimination of 180” (Cl), 90” (A) and 45” (V) of 
phase difference. The screen size was lo” for all frequencies less than and including 3 c/deg, and 2.7’ 
for the higher frequencies. Unless otherwise indicated, standard errors were about the size of the 

symbols. 

difference between detection and discrimination of 
180” of phase. Provided that the third harmonic was 
visible, phase differences of 180” could always be 
detected. Sensitivity to 90 and 45” is predictably 
poorer, but all curves are of similar shape. 

These results may at first glance seem surprising in 
the light of Nachmias and Weber’s (1975) paper 
reporting poor phase discrimination at threshold. 
However, the amplitude ratios of the waveforms of 
the two experiments were quite different, theirs being 
constructed such that each component was equally 
and nearly perfectly detectable in the presence of the 
other, rather than in the square-wave ratio of 3:l. In 
fact, in a subsequent experiment of the same paper 
where they increased the contrast of the fundamental, 
phase discrimination is greatly improved, limited only 
by the detectability of the 3fcomponent. Perfect dis- 
crimination seems to occur only when the fundamen- 
tal is of relatively high contrast, even though the third 
harmonic may be around threshold. 

Discrimination of various phase combinations 

Both of the previous experiments measured the 
ability of the visual system to discriminate 0” (square- 
wave) from some other relative phase angle. This ex- 
periment measures discrmination of other phase com- 
binations, to examine how sensitivity varies across the 
phase range. For example, can 130” be discriminated 
from loo” as easily as 30” from o”? 

The procedure was like that of the first experiment, 
with each trial consisting of two successively dis- 
played gratings differing only in their relative phase. 
However, in this experiment the phase of both grat- 
ings varied around some fixed mean. For example, if 
the mean was 45”, then at threshold the phase of one 
waveform would be 20’ and that of the other 70”. The 

spatial frequency of the fundemental was always 2 
c/deg at 10% contrast, with that of 3f being 6 c/deg at 
3.3% contrast. The phase always refers to 35 Thresh- 
olds were recorded only after the observer had 
had considerable practice with each task, and was 
thoroughly aquainted with all available discrimi- 
nation cues. 

The results, summarized in Fig. 4. reveal consider- 
able variation in sensitivity across the phase range. 
Thresholds are lowest for mean phases of 12 and 45”, 
slightly higher at 0.90 and 135”, but about three times 
as high at 180”. 

Why should sensitivity vary with mean phase? 
Atkinson and Campbell (1974) have suggested that 
phase specific devices are tuned predominantly to 0 
and 180”, from which one may expect considerable 
variation across the phase range. In particular it 
would account for the relatively poor discrimination 
between phases symmetrically spaced about the phase 
specific devices, namely 0 and 180”. However, it fails 
to explain why discrimination around 180” should be 
so much poorer than around 0”, as there was no pre- 
dominance of either of these two stable states under 
monocular rivalry conditions. It remains far from 
clear why sensitivity should follow the particular pat- 
tern of Fig. 4. 

DISCUSSION 

The results indicate that visual resolution of spatial 
phase is poor. Even with bright, high contrast grat- 
ings, 20” misalignment of phase is undetectable. 
Expressed relative to 180” (the maximum possible 
phase displacement), thresholds are as high as 12%. 
While a strict comparison may not be entirely appro- 
priate, it is interesting to note the acuity for some 
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phase selective mechanisms. rather than by mechan- 

MEAN PHASE (degsl 

Fig. 4. Discrimination thresholds as a function of mean 
phase. The waveform was a compound of 2 and 6 c:deg at 
10 and 3.39; contrast. subtending 4’ of visual angle. The 
mean phase (shown on the abscissa) always refers to that of 

the 3fcomponent. Error bars are each 1 SE. 

other visual tasks: contrast sensitivity, 0.2% at best 
(e.g. Campbell and Green, 1965); contrast discrimi- 
nation, 0.1% (Nachmias and Sansbury, 1974); fre- 
quency discrimination, 3% (Campbell et al., 1970); 
and orientation discrimination, 0.3% (0.5”/180”) (Sulli- 
van er al., 1972). By comparison, phase discrimination 
thresholds are quite high. 

It is also interesting to compare phase acuity with 
vernier acuity. Sensitivity to vernier offsets is quite 
fine, even for low spatial frequencies. For example, 
Krauskopf and Campbell (1980) report a threshold of 
37 set arc for detecting offset in a 1 c/deg cosine bar. 
At this spatial frequency, the threshold for phase is 
5 min arc, about 8 times as high. Clearly, vernier 
judgements are information other than relative phase; 
perhaps, as suggested by Sullivan et al. (1972) and 
others, orientation information is involved. 

However, perhaps the most important result of this 
study is that thresholds for relative phase discrimi- 
nation, expressed in degrees of phase angle, are vir- 
tually constant over the visible range of the frequency 
spectrum; whereas expressed in minutes of retinal dis- 
placement, they vary from 5 to 0.3 min arc, a factor of 
16. It would seem that the discrimination is made by 

isms responsive to changes in the absolute retrnal noi- 
ition of local features. 
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