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Ahstraet-In two experiments, properties of sustnined and rmnsient mechanisms were studied psycho- 
physically. In the first. contrast tbreshofds were measured for 6 sinewace gratings ranging from 0.375 
to D.Ocjdeg at 10 durations ranging from 18 to 3OOOmsec. Threshold were measured in the presence 
and absence of high contrast 20msec gratings which masked the onsets and offsets of the signals 
At Me/&g and above, the unmasked thresholds decreased as power functions of duration in two 
stages, reaching an asymptotic level near 1000 msec. Below 1.5 c/deg, the unmasked threshold became 
independent of duration beyond 100 msec. At all frequencies. the masked thresholds decreased as Power 
functions of duration to loo0 msec or more, but the curves for 0.375 and 0.75c/deg never reached 
the unmasked asymptotic level. In the second experiment, spnrial jkquency bundwidths were obtained 
for sinewave gratings ranging from 0.375 to 12.0c/deg, by measuring threshold eIevation as a function 
of the spatial frquency of masking gratings At 3.0,6.0 and 12.0 #deg. the ~nd~dth Functions Peaked 
at the signal frequencies and showed medium bandwidth frequency selectivity. Below ISc/deg. the 
bandwidth functions exhibited broader spatial frequency tuning, were of higher magnitude, and there 
was a shift in peak masking to frquencies near LO-I.5 c/deg which were above the signal frequencies. 
The results of both experiments are discussed in terms of the sus~ned/transient dichotamy. 

Campbell and Robson (1968) proposed the existence 
in the human visual system of a set of independent 
spatial frequency selective mechanisms for the pro- 
cessing of spatially varying tuminance distributions. 
Their proposal has received a great deal of support 
from a variety of psychophysi~l and phy~oio~~b 
experiments (~mp~ll, 1974). NotabIe among these 
are the observations of the spatial frequency adap- 
tation phenomenon (Pantle and Sekuier, 1968; Blake- 
more and Campbell, 1969), the apparent size shift 
after-effect (Blakemore and Sutton, 1%9), and critical 
band masking in vision (Stromeyer and Julest, 1972) 
Other inditers have &~nstmted that spatial 
frequency select& mechanisms may be differentiaIly 
sensitive to other characteristics of the stimulus distri- 
bution. These include differential sensitivity to stimu- 
lus o~en~tion (Campbell and Kulikowski, 1966; 
Movshon and Blakemore, 1973), color (Lovegrove 
and Over, 1972; Sharpe, 1974), drift velocity (Tot- 
burst, Sharpe and Hart, 1973), and direction of drift 
velocity (Tolhurst, 1973). 

Various techniques have also been used to measure 
the temporal properties of spatial frequency selective 
m~hanism~ There appear to be two distinct mechan- 
isms termed sustained and transient, after possible 
neurat processes. The transient mechanisms respond 
best to rapid temporal changes, whereas the sustained 
mechanisms respond best to steady or slowly varying 
stimuli. 

Enroth-CugelI and Robson (1966) provided eltctro. 
phy~olo~~l evident: for a class&ation of cat 
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retinal ganglion cells in terms of their spatial summa- 
tion properties. The X-cells exhibited linear spatial 
summation across the antagonistically organized 
rqtive fields whereas the spatial summation of 
the Ycells was nonlinear. Hochstein and Shapley 
(I976a. b) have studied the X/Y classification exten- 
sively, and have shown it to be a useful way of cate- 
gorizing cat retinal ganglion cells. Cleland, Dubin and 
Levick (1971) have classified cat retinal ganglion cells 
on the basis of their temporal properties as ‘sustained’ 
or ‘transient’. The sustained and transient cells pos- 
sess many of the properties of the X and Y ceils re- 
spectively. The transient cetis were observed to re- 
spond only to the onset or offset of a steady test 
spot. or maintained a constant response level in the 
presence of a drifting grating pattern. Sustained ceils 
responded continuously to a steady test spot and foC 
lowed the temporal modulations of the driftng grat- 
ing. The transient cells responded to drifting gratings 
of much higher vetocity than the sustained cells, thus 
demons~ting a higher temporaf resolution. 30th cell 
types showed selectivity to stimulus size, with optimal 
response of sustained cells occurring at a higher spa- 
tial frequency than for the transient cetfs The SUE 
tained and transient ganglion cells in the retina of 
the cat are diffaentialfy distribute& with the prepon- 
derance of sustained cells lying in or near the are 
centralis (ff eland, Levick and Sanderson, 1973). HOW 
ever, the differential distribution may be an electro- 
physiological sampling artifact. Levick (1975) has 
argued that the sustained and transient cell types may 
be identified with the ~~hoi~~y ~~~i~e~ 
alpha and beta ceils (Boycott and W&&e, 1974) whi& 
have the same retinal distributions. Qeland et uf. 
(1971) observed that in the retina and the LGN, the 
axons of sustained ceils are more slowly conducting 

._ 
69 



70 GORDO\ E. hXiE 

than those of transient cells. and thus it may be in- 
ferred that information transmitted by the latter will 
reach the cortex first (Ikeda and Wright. 1972). Ikeda 
and Wright (1974) classified cells in area 17 of the 
cat’s visual cortex as either sustained or transient, 
quite independently of the simple,‘complex classifica- 
tion of Hubel and Wiesel (Ikecia and Wright. 1975). 
They found that spatial frequency tuning curves for 
the sustained cortical cells peak at higher spatial fre- 
quencies and have a narrower bandwidth than those 
for transient cortical cells. 

There is evidence that a similar classification can 
be applied to the primate visual system. Gouras 
(1969) has shown that transient (termed ‘phasic’) 
retina1 ganglion cells in the monkey have faster con- 
ducting axons than sustained cells (termed ‘tonic’). 
Scobey and Horowitz (1976) have also classified 
retinal ganglion cells in the monkey as phasic or onic. 
The former respond with bursts of action potentials 
lasting no more than 100 msec following an increment 
in a luminous test spot. and respond well to bars 
moved at high velocity across the cell’s receptive field. 
Sherman et al. (1976) identified X- and Y-cells in the 
dorsal LGN of the owl monkey. X-cells exhibited sus- 
tained response to stationary patterns, but Y-cells res- 
ponded for less than 1-2 sec. Y-cells had larger recep- 
tive fields and shorter latency to orthodromic stimu- 
lation from the optic chiasm than X-cells. Whereas 
Gouras (1969) found sustained ganglion cells to be 
color opponent. and transient cells nonopponent. 
Marrocco (1976) found both sustained and transient 
cells among opponent and nonopponent LGN cells 
of macaques. He also found that LGN transient cells 
have higher conduction velocities than LGN sustained 
cells, and that nonopponent units had higher conduc- 
tion velocities than opponent units. 

In parallel with the electrophysiological findings. 
5 types of psychophysical experiments have provided 
evidence for sustained and transient mechanisms in 
human vision. 

1. ~isrincr thresholds for perceiving remporal and ‘spatial 
nwdularion 

Several investigators have reported that subjects can dis- 
tinguish phenomenologically between thresholds for tem- 
poral variation (flicker), and thresholds for spatial vari- 
ation (pattern). The two thresholds are independent func- 
tions of temporal and spatial frequency (van Nes er al. 
1967; Keesey. 1972; Kulikowski and Tolhurst. 1973; Tol- 
hurst. Sharpe and Hart. 1973 : King-Smith and Kulikowski. 
(975). Flicker sensitivity is ascribed to a transient mechan- 
ism because it has a low-pass spatial frequency sensitivity 
and band-pass temporal frequency sensitivity (Kulikowski 
and Tolhurst. 1973). Pattern sensitivity is ascribed to a 
sustained mechanism, because it has a band-pass spatial 
frequency sensitivity and a peak at lower temporal frequen- 
cies. The flicker mechanism would be expected to respond 
best to coarse gratings switched on and off. and the pattern 
mechanism to finer gratings of prolonged exposure. 

2. Subthreshold summation experiments 

Tolhurst (1975b) measured the detectability of a 4 msec 
grating superimposed upon an 800 msec subthreshold grat- 
ing of the same spatial frequency. Below 2.Ocideg. the 
detectability of the test flash was affected for only 100 msec 
following onset or offset of the background grating At 
higher spatial frequencies. the subthreshold grating in- 
creased the detectability of the test flash for the entire 

8(M mscc. suggesting that sustamcd mechamsms were 
detecting the grating. King-Smith and Kulikowski (197j) 
examined the effects on both nicker and pattern thresholds 
of subthreshold flickering lines and gratings. The flicker 
detecting mechanisms exhibit nonlinear spattal summation. 
show weak surround inhibition, and hence are sensitive 
to low spatial irequencies and even to Hickenng unifrom 
fields. Pattern detecting mechanisms show linear spatial 
summation. and comparatively strong surround inhibition. 
These properties closely parallel recepnvc field properties 
of the sustained and transient neurons of the cat’s vtsual 
system (Ikeda and Wright. 1973. 

3 Response latency rsprr!ments 

Breitmeyer (1975). Vassilcv and Mitov (1976). and Lupp. 
Hauske and Wolf (1976) observed that reaction times for 
the detection of high spatial frequency gratings are longer 
than for low spatial frequency gratings. and suggested that 
the high spatial frequency sensitivity is mediated by sus- 
tained neurons with slow conduction velocities. Suprath- 
reshold reaction time experiments, however, are compli- 
cated by the fact that increasing contrast leads IO a de- 
crease in reaction time. Thus, much oi the observed differ- 
ence in reaction times may be due to differential contrast 
sensitivity at low and high spatial frequencies. Moreover. 
Mansfield (1973b) has shown that the reaction time to the 
onset of a luminous spot can be separated into two com- 
ponents. one dependent on stimulus intensity, and both 
dependent on target size. Accordingly. the latency differ- 
ences in the aforementioned studies are difficult to inter- 
pret. 

4. Thresholds ]br different temporal ware]&ms 

Several investigators have shown that the waveform of 
the temporal transients is important to the detection of 
low spatial frequency targets but not high spatial frequency 
targets. Kulikowski (1971) and Kulikowski and Tolhurst 
(1973) have compared contrast thresholds for gratings in 
counterphase flicker with gratings presented in a periodic 
on-off mode. The luminance step at a @ven point for the 
former is twice that for the latter. Below 2.5 c/deg. sensi- 
tivity for the counterphase stimuli was twice that for the 
on-off stimuli. but above 6,0c/deg. the two thresholds 
coincided. Breitmeyer and Jules.? (197j) measured the 
threshold for SOOmsec sinusoidal gratings having either 
gradual or abrupt onsets and offsets For low spatial fre- 
quencies, gratings with an abrupt onset were jO-100% 
more detectable than gratings with a gradual onset. At 
high spatial frequencies, the waveform of the transients had 
no effect on threshold. Tolhurst (1975a) measured reaction 
times to near-threshold sinusoidal gratings having gradual 
or abrupt onsets and offsets. At O.Zc’deg, reaction times 
were clustered soon after an abrupt onset or offset. If 
neither onset nor offset were abrupt thresholds were 
greatlv elevated Above l.Oc/deg, the distribution of reac- 
tion times was independent of the temporal waveform of 
the transients. 

j, Spatial frequency thresholds as a junction of signal 

duration 

Threshold contrast for transient mechanisms should be 
independent of signal duration, beyond some critical 
duration which is characteristic of the temporal integration 
period of the mechanism. (Any realizable system for detect- 
ing temporal changes must have a finite temporal resolu- 
tion and. accordingly, a period of temporal integration). 
Assuming a stochastically determined threshold, sustained 
mechanisms may reach threshold at any time during the 
signal presentation. Therefore, it would be expected that 
thresholds for sustained mechanisms should continue to 
drop indefinitely as a function of signal duration. However. 
the precise shape of the threshold curve will depend upon 
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the temporal integration of the mechanism and probability 
summation. 

The present study 
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Data on the shape of the threshold curve are limited 
or equivocal. Nachmias (1967) measured contrast thresh- 
olds as a function of signal duration for square wave 
gratings of spatial frequency 0.7 and Ii.5 c/deg. and 
durations ranging from 11 to SOOmsec. At 0.7 c;deg. 
threshold contrast stopped decreasing after 50-IOOmsec. 
but at 17.5 c/deg. threshold contrast was still dropping at 
5OOmsec. In the context of the sustained:transient dicho- 
tomy. the interpretation of these results is complicated by 
the fact that even low frequency square waves have high 
spatial frequency components Spitzberg and Richards 
(1975) compared threshold contrasts of 1000 and 20 msec 
sinewave irating stimuli at spatial frequencies ranging 
from 0.15 to 20 c/den. Below 0.5 c/deg. threshold contrast 
only doubled. bit ai IOc/deg, threshold was raised by a 
factor of 10. Tulunay-Keesey and Jones (1976) determined 
threshold contrast as a function of signal duration for sine- 
wave grating stimuli with spatial frequencies of 1.5. 3.0. 
and 10.0 c/deg. In every case. threshold contrast continued 
to drop to at least IO00 msec. Unlike Nachmias (1967) and 
Spitzberg and Richards (1975). they found no significant 
effect of spatial frequency. However, the lowest spatial 
frequency, 1.5c/deg, may not be low enough to reveal 
the transient mechanisms. Breitmeyer and Ganz (1977) 
measured contrast thresholds for vertical sinewave gratings 
with spatial frequencies of 0.5, 2.8, and 16.0c/deg. for 
durations of 20-400 msec. The two subjects viewed a field 
of 17.0cd/mz mean luminance. subtending 4 x 6’. and 
made 10 threshold settings for each stimulus. At each spa- 
tial frequency, the threshold dropped regularly with time 
to some critical duration the value of which increased 
monotonically up to 200 msec at 16.0 cideg. Beyond the 
critical duration, there was no further systematic decline 
in threshold, although the range of durations used may 
have been insufficient to demonstrate one. Their results 
indicate no clear qualitative dichotomy between low and 
high spatial frequencies, but only a progressive shift in the 
value of the critical duration. Brown and Black (1976) 
measured threshold luminance for constant contrast square 
wave gratings on a steady adaptive field. The targets sub- 
tended I” and were presented 2.5” from the fovea. For 
all gratings of 2-IOc/deg. threshold decreased with 
duration, up to a critical duration that was as great as 
380msec. whereupon it declined no further. The depen- 
dence of critical duration on spatial frequency was non- 
monotonic, reaching a maximum for an intermediate 
frequency, the value of which depended upon adapting 
level. 

Only the data of Nachmias (1967) and Spitzberg and 
Richards (1975) conform with the notion that transient 
mechanisms detect gratings at low spatial frequencies and 
sustained mechanisms detect gratings at high spatial fre- 
quencies. Their data, although limited to only two spatial 
frequencies in the case of Nachmias (1967). and only two 
durations in the case of Spitzberg and Richards (1975). 
suggest a dichotomy in the shape of threshold curves at 
low and high spatial frequencies. 

Evidence from the five types of psychophysical 
studies suggests that sinewave grating detection below 
1-2c/deg is mediated by transient mechanisms. and 
that grating detection at higher spatial frequencies is 
mediated by sustained mechanisms. The evidence, in 
some cases, is equivocal (experiments measuring re- 
sponse latency and threshold as a function of signal 
duration). In others, it is based upon phenomenologi- 
cal reports (flicher vs pattern threshold), or upon the 
interpretation of experiments with multiple gratings 
(subthreshold summation experiments) or compli- 
cated waveforms. 

The simplest and most direct way of demonstrating 
the operation of transient and sustained mechanisms 
at low and high spatial frequencies is to examine the 
shapes of curves relating contrast threshold to 
duration. The defining properties of sustained and 
transient mechanisms should be reflected by qualitat- 
ive differences in their threshold curves, as discussed 
in (5) above. In view of the equivocal evidence, cited 
above. a principal objective of the present study was 
the measurement of contrast thresholds as a function 
of the duration of sinewave gratings over a range of 
signal durations and spatial frequencies that might 
be expected to demonstrate both sustained and tran- 
sient mechanisms. Threshold curves were also 
measured in the presence of brief masking pulses. 
These were 20 msec presentations of high contrast 
gratings, identical to the signal, that immediately pre- 
ceded and followed it (see Fig. 1). For signal detection 
by a transient mechanism, the shapes of the un- 
masked and masked threshold curves should be the 
same, with the masking pulses acting only as ‘back- 
ground transients’ to which the signal transients are 
added. For signal detection by a sustained mechan- 
ism. masking should strongly elevate the threshold 
curve for short durations, but the masked threshold 
should drop, and approach the unmasked threshold 
as signal duration increases. Changes in the shape 
of the threshold curve due to masking, therefore. pro- 
vide a second test for the operation of sustained and 
transient mechanisms. 

In a second experiment, the transient masking tech- 
nique was also used to measure spatial frequency 
bandwidths. 

METHOD 

Apparatus 

Vertical sinewave gratings were generated on a Tek- 
tronix 502 oscilloscope with a P2 bluish-green phosphor 
by means of Z-axis modulation (Campbell and Green. 
1965). The luminance of the display was kept constant% 
4.6cd/m2. The contrast of the gratings (IL.,,,~,, - L&I 
(I+. + f.,,,). was kept below 0.30. Above 0.30, sinewave 
gratings exhibited nonlinear distortion. 

Two independent sinewave voltages could be superim- 
posed and applied to the oscilloscope. Each was produced 
by an Intercil 5038 function generator. The frequency and 
amplitude of the signals were controlled by a PDP-4 com- 
puter via Precision Monolithics DAC-08 D/A converters. 
Patterns consisting of the superposition of two sinewave 
modulations. each with adjustable spatial frequency and 
contrast, were generated at a frame rate of I/msec. Timing 
was accurately controlled by a 1 kHz crystal clock in the 
computer. The contrast of one of these signals could be 
controlled by a hand held potentiometer. Measurements 
with a United Detector Technology 80X Opto-meter indi- 
cated that the phosphor decayed to 50% in less than 1 msec 
and had a rise time of less than 1 msec. 

The display subtended an angle of 10” in dia. from a 
viewing distance of 57 cm. (For the measurement of band 
widths at 12.0c/deg, a viewing distance of 114 cm was 
used) The display had a dark surround The uniformity 
of the display was checked using a Pritchard Spectra Spot 
photometer. The function relating contrast to Z-axis volt- 
age and frequency was measured with a scanning slit and 
photometer. A small, black fixation point was placed at 
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Fig. I. Temporal waveforms of stimuli. The signal grating 
was presented for a duration r,. When present. the masking 
grating was presented for 20 msec preceding and following 
the signal. In the first experiment. sipal and mask were 
always at the same spatial frequency. In the second experi- 
ment. the frequency of the mask was varied relative to 

the frequency of the signal. 

the center of the display. Subjects viewed the display bino- 
cularly with their heads supported by a chin rest. The com- 
puter sequenced stimulus presentations and collected data. 

Experimental procedure 

Each experimental session began with 5 to IO minutes 
light adaptation to the uniform display. Threshold esti- 
mates were determined by a version of the I-alternative 
forced choice procedure (Wetherill and Levitt. 1964). The 
subject first adjusted the signal contrast to a level just 
above threshold by turning the potennometer. The subject 
was then given a block of trials. Each trial consisted of 
two presentation intervals. each preceded by 750msec of 
the homogeneous screen. Each interval was signalled by 
a tone. but only one interval contained the test signal. 
The subject identified the signal interval by pressing one 
of two keys. thereby initiating the next trial. A correct 
decision was followed by a tone. Two consecutive correct 
decisions at a given contrast level were followed by a con- 
stant decrement in contrast. and one incorrect decision was 
followed by an increment of the same size. (Prior to the 
first incorrect decision. all correct decisions were followed 
by the constant decrement.) The mean of the contrast 
peaks and valleys in the resulting sequence provides an 
estimate of the 71% frequency-of-seeing level (Wetherill 
and Levitt. 1961). There were 55 trials per block used to 
obtain the first threshold estimate under a given set of 
stimulus conditions, and 40 per block for subsequent deter- 
minations. Typically, at least 4 pairs of peaks and valleys 
were contained within each block. The threshold measure 
was the geometric mean of these estimates. The error bars 
in Figs. 3, 5 and 6 correspond to + 1 standard error of 
the means. The geometric mean was used because the cor- 
responding errors appeared to be roughly constant in 
logarithmic units. Prior to averaging, slight day-to-day and 
subject-subject variations in overall sensitivity were can- 
celled by normalizing threshold estimates from a given ses- 
sion by the geometric mean of all estimates taken. After 
averaging, data were resealed by the grand mean. 

In the first experiment. contrast thresholds were 
measured as a function of stimulus duration. Within a ses- 
sion. threshold estimates for one of 6 spatial frequencies 

(0.375. 0.75. 1.5. 3.0. 6.0 and 17.Oc deg) were obtained at 
each of S durations (IS. 20. 56. ItN, ISO. 300. j60 and 
1000 msec). with and *7thout tranjient masks. The tran- 
sient masks were ldrnncrlf to the test grating but ot’ con- 
uast 0.22. and preceded md followed the test grating for 
30msec (see Fig. I). Three threshold estimates were 
obtained for each subject under each condition. In separate 
sessions. otherwise identical measurements were made for 
the 6 spatial frequencies and signal durations of loo0. 1800 
and 3OOOmsec. (Unmasked thresholds at 0.375 and 
O.ijc,‘deg were not measured beyond ICOOmsec because 
the curves were already independent of duration.) 

In a second experiment. brief masking stimuli were used 
to measure the spatial frequency bandwidths of transient 
responses at spatial frequencies of 0.275. 0.75. 1.5. 3.0. 6.0 
and 12.0 c:deg. Thresholds for IO0 msec signals of constant 
spatial frequency were measured as a function of the spa- 
tial frequency of the masking pulses extending at least k 1 
octave from the test frequency. Each session was devoted 
to a single rest frequencv. For each subject. 4 threshold 
estimates were obtained for bandwidth functions at 0.375 
and 0.75 c:deg. and 2 for the other J spatial frequencies. 

Suhjrcrs 

There were two subjects. both highly practiced with the 
methods and stimuli. but both naive to the specific pur- 
poses of the experiments JD. an optically corrected myope 
(right eye, - 5.0 D; left eye. -7.25 D). is a male in his 
early twenties. WWL. an optically corrected astigmat (right 
eye. - 1.25 D at 135’: left eye. - 1.75 D at 15’). is a female 
in her early twenties. Figure 2 shows contrast sensitivity 
functions for the two subjects. The individual differences 
are small, apart from an overall decrease in sensitivity for 
JD. Such a decrease is t+cal of myopic subjects (Fioren- 
tini and Maffei. 1976). Both subjects have normal color 
vision. 

RESULTS .AND DMX’SSI0.V 

Contrast threshold as a jtinction oJ_ signal duration 

Figure 3 presents contrast thresholds as a function 
of signal duration for sinewave gratings of 6 spatial 
frequencies in the absence of masking. To facilitate 
their display, sets of data have &en vertically dis- 

1000 r 

; II SUBJECT WWL 
F . SUSJECT JD 
; 

300 - 

\ 

6 2 6 20 

SPAT’AL FREOUENCY (cpdf 

Fig. 1. Contrast sensitivity functions. ( x ): Subject WWL: 
(0): Subject JD. Each data point is the geometric mean 
of 5 threshold estimates. each derived from a block of 
forced choice trials. Smooth curves have been drawn 
through the data. Signal duration = 100msec. The stan- 

dard errors were always less than 15qb 
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LOG SIGNAL DURATION hseC1 

Fig. 3. Threshold as a function of duration. Contrast 
thresholds are plotted as a function of signal duration for 
6 spatial frequencies. To facilitate display, the sets of data 
points have been vertically displaced and sequenced in 
order of spatial frequency. The ordinate values give the 
relative contrasts for points within a set. Absolute contrast 
of the asymptotic level of each curve is given at its right. 
Data points are the geometric means of 6 threshold esti- 
mates (18-1~ msec) or 4 estimates (1800 and 3000 msec) 
from 2 subjects. Threshold estimates were obtained from 
blocks of forced choice trials. Error bars represent f I se. 
Each set of data has been fitted piecewise with straight 

line segments (see Table I). 

placed relative to each other. Accordingly, ordinate 
values are strictly relative. The absolute contrasts of 
the asymptotic levels of each curve are shown at the 
right. The data points are geometric means of 6 
threshold estimates (for 18-1000 msec), or 4 estimates 
(1800 and 3000 msec), from two subjects. An estimate 
was obtained from a block of forced choice trials (see 
Method). Accordingly, each point was based upon ap 
proximately 270 trials, and each curve upon approxi- 
mately 2300 trials. Error bars represent k 1 standard 
error of the means. There were no apparent differ- 
ences in the shapes of the threshold functions between 
subjects. 

At spatial frequencies of 1.5 c/deg and above, 
threshold continued to decrease to 1OOOmsec. The 
general features of the threshold curves are similar, 
and are as predicted for sustained mechanisms. There 
was a brief, fairly steep threshold decrease, due to 
temporal integration, followed by a longer, secondary 
decline presumably due to probability summation. An 
asymptotic level was reached, near lOOOmsec, after 
which threshold became independent of duration. 
Both segments of the declining portions of the thresh- 
old curves can be approximated by straight lines (fit 
by least squares) in the double-logarithmic coor- 
dinates. The intersection of these two lines, conven- 
tionally called the critical duration, increases with spa- 
tial frequency, reaching 215 msec at 12.Oc/deg. 

At 0.375 and 0.75 c/de& there was a brief threshold 
decrease after which threshold became independent 
of time. The independence of threshold and signal 
duration beyond some critical duration is a character- 

Fig. 4. Contrast sensitivity functions for different signal 
durations. Values from the best fitting straight lines 
through the data in Fig. 3 have been replotted as contrast 
sensitivity, the reciprocal of threshold contrast. as a func- 
tion of spatial frequency. Smooth curves have been drawn 
through the points. The 8 sets of data are for the signal 
durations. in msec, as indicated. The convergence of the 
curves for IOOmsec and longer at low spatial frequencies 
is a consequence of the transient nature of low spatial fre- 

quency response. 

istic attributable to a mechanism with transient re- 
sponse. 

The threshold contrasts of Fig. 3 are replotted in 
Fig. 4 as a function of spatial frequency. The ordinate 
is contrast sensitivity, the receiprocal of threshold 
contrast. and 8 signal durations are parameters. The 
filled circles are values taken from the fitted straight 
lines in Fig. 3. Smooth curves have been drawn 
through them. Notice the growth of the medium fre- 
quency sensitivity peak and its rightward shift with 
increasing duration, also observed by Schober and 
Hilz (1965), and Nachmias (1967). 

Figure 5 presents contrast thresholds as a function 
of signal duration for the same 6 sinewave gratings, 
in the presence of brief, masking gratings The mask- 
ing gratings were identical to the signal gratings, but 
of contrast 0.22, and were presented for 20 msec im- 
mediately before and after the signal. The data were 
processed in the same manner as the unmasked data 
of Fig. 3, and are presented in a similar format. The 
dashed lines, labelled by absolute contrast values, are 
the asymptotic levels of the unmasked threshold 
curves of Fig. 3. The best fitting straight lines through 
the data have been drawn. 

For signals of 1.5 c/deg and above, the shape of 
the masked threshold curves conforms with predic- 
tions made for sustained mechanisms. There was a 
pronounced increase in threshold for short times, but 
as signal duration increased, the masked threshold 
curve converged with the unmasked curve. 

For signals of 0.375 and 0.75 c/deg, the unmasked 
threshold curves show a steady decline to about 
1000 msec, whereupon they level out at contrasts well 
above the asymptotic value of the unmasked signals. 
For transient mechanisms, it was predicted that 
masking should simply elevate the threshold curves. 
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leaving their shapes mvanant. Comparison of Figs. 
3 and 5 shows that this is not the case for the thresh- 
old curves at 0.375 and 0.75 c deg. Compared with 
the independence of threshold for duration beyond 
100 msec for the unmasked curves. the steady decline 
to loo0 msec of the masked curves is a feature more 
characteristic of sustained response. It is therefore 
postulated that the masking procedure has elevated 
the transient threshold curve above the threshold 
curve for a coexisting sustained mechanism. In the 
absence of masking. the transient mechanism is more 
sensitive and its presence is revealed by measurements 
of threshold as a function of duration. In the presence 
of masking, the transient mechanism is less sensitive 
and properties of the sustained mechanism are 
revealed by threshold measurements. Notice also that 
the asymptotic levels of the masked curves. beyond 
1000 msec. are a factor of 2 higher in threshold than 
the unmasked curves. This result may be interpreted 
as indicating that the asymptotic threshold of the 
coexisting sustained mechanism is higher than the 
asymptotic threshold for the unmasked transient 
mechanisms. 

If transient mechanisms and less sensitive sustained 
mechanisms both operate in the detection of low 
frequency gratings, low contrast masking that only 
slightly desensitizes a transient mechanism should 
elevate the threshold curve. but leave its shape invar- 
iant. Investigations of this point indicated that masks 
of contrast less than 0.10 had little or no effect on 
the threshold curve at 0.375 c,‘deg. In Fig. 6. the 
threshold curve for masking with contrast 0.1 I is 
shown. together with data replotted from Figs. 3 and 
5 for no masking. and masking contrast of 0.22. re- 
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Fig. 5. Masked threshold as a function of duration. Con- 
trast thresholds are plotted as a function of signal duration 
for 6 spatial frequencies in the presence of masking. The 
mask was a sinewave grating identical to the signal. but 
of contrast 0.22. It was presented for 20 msec immediately 
preceding and following the signal. In the figure, sets of 
data points have been vertically displaced. and sequenced 
in order of spatial frequency. The ordinate values give the 
relative contrast for points within a set. The dashed lines 
give the asymptotic levels for the unmasked curves (see 
Fig. 3) at the same spatial frequency. Each set of data 
has been fitted by a straight tine (see Table 1). Other details 

of the data are as described for Fig. 3. 
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Fig. 6. Contrast thresholds are plotted as a function of 
duration for 0.375 cideg signals with 3 levels of masking. 
Data for masking contrasts of 0.0 and 0.22 are replotted 
from Figs. 3 and j respectively. For the masking contrast 
of 0.11. data points are geometric means of 1 threshold 
estimates. 2 each from 2 subjects. Each estimate was 
obtained from a block of forced choice trials. The straight 

line. fitted to the first 3 points. has a slope of -0.72. 

spectively. Data points for the intermediate curve 
were based on 4 forced choice threshold estimates 
(see Method), 2 from each subject. The major effect 
of masking with contrast 0.11 was to elevate the un- 
masked threshold curve. while maintaining the main 
features of its shape. This result strengthens the inter- 
pretation of the low frequency masked threshold 
curves given above. 

Taken together, both the unmasked and the 
masked data of Figs. 3 and 5 argue for the functioning 
of sustained mechanisms at high spatial frequencies. 
At low spatial frequencies, the unmasked data argue 
for the functioning of transient mechanisms, but the 
masked threshold data require a more complicated 
interpretation. 

Table 1 lists the slopes of the straight lines used 
to fit the data of Figs. 3 and 5, together with the 
critical durations determined from the unmasked 
curves. The ranges of duration in which the regression 
lines were fit are shown, as well as the standard error 
of the slopes (formula for the standard error given 
by Mansfield 1973b). Notice that the slopes of the 
initial straight lines are nearly the same at all spatial 
frequencies, mean = -0.72. This value is in agree- 
ment with the value of -0.70 found by Breitmeyer 
and Ganz (1977) and with comparable data of Nach- 
mias (1967). but is smaller than the values, -0.82 
to -0.94, found by Tulunay-Keesey and Jones (1976). 
The similarity of slopes over the wide range of spatial 
frequencies, including both transient and sustained 
mechanisms, presumably reflects a uniformity of the 
physiological mechanism of temporal integration. 
However. note that the extent of temporal integration. 
as indexed by the critical duraction, increases from 
81 msec at 0.375cideg to 215msec at lZ.Oc/deg. 
Beyond the critical duration. the low frequency 
thresholds are independent of signal duration (tir- 
tually 0 slope), but the high frequency thresholds de- 
cline with slopes near-0.30. The latter are in agree- 
ment with the measurements of Tulunay-Keesey and 
Jones (1976). 

Table 1 also gives the slopes of the straight fines 
u& to approximate the masked thresholds. Notice 
that the Slopes are Similar for the sustained mechan- 
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Table I. Threshold as a function of duration: parameters 

75 

Spatial Fitted 
frequency range 

(c/deg) (msec) 

0.375 18-56 
0.75 18-100 
1.5 18-100 
3.0 18-100 
6.0 18-180 

12.0 18-180 

Unmasked Masked 

Fitted Fitted 
Initial range Secondary Critical range 
slope (m=c) SlOpe duration (msec) Slope 

-0.67 + 0.04 100-1000 -0.03 f 0.04 81 18-1000 -0.29 f 0.03 
-0.72 5 0.06 IO&1000 -0.02 * 0.04 100 lb1800 -0.51 f 0.04 
-0.67 k 0.02 IOO-loo0 -0.27 + 0.02 112 18-1000 -0.80 + 0.02 
-0.80 f 0.03 180-1000 -0.34 + 0.05 111 Id-1800 -0.80 f 0.09 
-0.74 + 0.04 180-1000 -0.29 + 0.04 167 1%1800 -0.86 * 0.04 
-0.68 + 0.05 18C-1000 -0.26 + 0.09 215 18-1000 -0.56 f 0.02 

isms at 1.5. 3.0 and 6.Ocpd. but considerably less for 
the putative sustained mechanisms revealed by tran- 
sient masking at 0.75 and 0.375 c/&g. A tentative 
explanation for the difference is given below, in the 
discussion of the bandwidth measurements. 

Threshold OS a function of duration for acuity targets and 

spot detection 

A qualitative dichotomy in the form of the contrast 
threshold versus duration curves at high and low spatial 
frequencies is paralleled by a dichotomy in the older con- 
trast detection literature. Measures of the absolute or in- 
crement detection thresholds of luminous spots yield 
threshold curves analogous to those of transient detection. 
whereas acuity tasks. depending on the detection of pat- 
terned features. yield threshold curves analogous to those 
for sustained detection. 

Bloch’s Law states that, for the detection of luminous 
spots, there is a period of complete reciprocity between 
threshold luminance and time: 

Lt = k, t < t, 

where L is luminance, t time, k a constant, and cc a critical 
duration. Graham and Kemp (1938) have shown that 
B&h’s Law holds for the detection of fovea1 brightness 
increments. They have shown that the critical duration de- 
creases with increasing adapting level, ranging from 
100 msec at 0.006 cd/m’ to 30 msec at 550 cd/m’. Beyond 
the critical duration, they observed an abrupt transition 
to threshold independent of duration. Both Blackwell 
(1963) and Barlow (1958). also observed the decrease in 
critical duration with increasing adapting luminance but 
noted a more gradual transition from Block’s Law to the 
independence of threshold and duration. Barlow (1958) 
observed that the threshold decline continued over much 
longer durations for small spots, 0.01 deg2 area, than for 
large spots, 27.6 deg’ area. -A suprathreshold version of 
Bloch’s Law also holds. Manslield (1973a) has shown that. 
for small test targets. equal brightness judgments are gov- 
erned by a reciprocal relation between stimulus luminance 
and duration. 

In double-logarithmic coordinates. Bloch’s Law implies 
a straight line relationship between threshold luminance 
and stimulus duration. with a slope of - 1.0. Table 1 illus- 
trates that the threshold curves of Fig. 3 have initial slopes 
ranging from -0.67 to -0.80. It is hard to account for 
the discrepancy in slope values for spot detection and grat- 
ing detection experiments. It may be related to target size. 
Grating detection experiments typically use targets of 
several degrees subtense. Manstield (1973a) has shown that. 
for targets larger than some critical area, the suprathresh- 
old version of Bloch’s Law breaks down, even for the 
briefest test flashes. The same may be true for threshold 
detection of gratings. Note that the slope values obtained 
with grating targets are closer to the value of -0.5. the 
value to be expected for ideal, quantum-limited detection 
(Barlow. 1958). than are the slopes for spot detection. 

For the detection of acuity targets. threshold as a func- 
tion of duration curves are found to drop for durations 
much longer than those observed for spot detection. 
Kahneman (1364) studied the visibility of Landolt Cs. At 
photopic levels, critical durations extended from 350 to 
1000 msec, for increasing intensity-time products. Baron 
and Westheimer (1973) examined acuity for the critical fea- 
ture of a Landolt C as a function of exposure duration. 
From their Fig. 2. it is clear that acuity continues to im- 
prove for durations of at least 400 msec, and perhaps as 
long as IOOOmsec. With the use of an artificial pupil and 
a cycloplegic, pupilary and accommodative fluctuations 
were shown not to be the determinants of the shape of 
the threshold curve. 

The differences in the duration of threshold decrease for 
acuity and spot detection tasks may be partially accounted 
for if acuity targets (such as Landolt Cs or prating stimuli) 
are assumed to be more highly patterned than large 
luminous spots-that is, if the-former differentially stimu- 
late mechanisms sensitive to fine detail. Kelly (1971) has 
commented that in the context of his theory of flicker 
detection, circular spot stimuli represent an intermediate 
case between patterned grating stimuli and nonpattemed 
uniform fields with respect to spatio-temporal sensitivity. 
If this be so. then detection of acuity targets may be due 
to the operation of sustained mechanisms with their 
characteristic threshold curves. and the detection of large 
spot stimuli may often be accomplished by transient mech- 
anisms with their characteristic threshold curves. 

Eye mocemenrs 

It has been argued (Arend. 1976a; b) that the dichotomy 
in the form of threshold versus duration curves at low 
and high spatial frequencies may be due to the increased 
effect of eye movements upon the latter. In the present 
study, subjects were instructed to fixate a small, black dot 
at the center of the display. Under these conditions, 
median eye movements during 250 msec exposures are less 
than 1’. and for IOCO msec exposures, they are 3.2’ (Riggs, 
Armington and Ratliff. 1954). Such eye movements would 
not be expected to greatly influence the detection of 
1.5 c/deg gratings, for which 1 cycle subtends 10 of visual 
angle. Since the threshold curve for 1.5 c/deg is like those 
for higher spatial frequencies and qualitatively different 
from those at lower spatial frequencies (see Fig. 3). the 
difference does not appear to be due to eye movement. 
Moreover. experiments with stabilized images indicate that 
eye movements play little role. Keesey (1960) has demon- 
strated that the prolonged decline of threshold as a func- 
tion of duration for acuity targets occurs with or without 
stabilization. Tulunay-Keesey and Jones (1976) have shown 
that threshold curves for sinewave gratings with spatial 
frequencies up to at least 10 c.‘deg decrease to 1000 msec 
with or without stabilization. 

Threshold as a function of duration: temporal integration 
and probability integration 

In Table 1. values for the slopes of the unmasked thresh- 
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old vs duration curves of Fig. 3 are given. At all spatial 
frequencies, the initial slope is close to -0.7. For the sus- 
tained mechanisms, lSc/deg and above. the subsequent 
slows are close to -0.3. These values may result from 
effects of temporal integration an probability integration. 

Both temporal integrafion and probabiliry integrarion are 
inherent in the concept of a sustained mechanism. The 
former reBect.s the finite temporal resolution of the mech- 
anism. The latter represents the increasing probability with 
increasing duration that a threshold level will be achieved, 
given the variable nature of the mechanism’s response. 
Both types of integration contribute to a decline in thresh- 
old with increasing duration. 

Let the response R of a detecting mechanism be propor- 
tional to the convolution of the signal contrast C(t) and 
a temporal integration profile w(r): 

i 

I 
R(r) = C(T)w(r - T)dT (1) 

-r 

Assume that v+(t) has the form: 

C<O o<r<t, I > to 1 (2) 
where r0 is a cutoff, or critical duration. For a steady signal 
of contrast Co, turned on at t = 0. equations (I) and (2) 
yield the following response function: 

R(r) = (3) 

It is assumed that if a detector’s response exceeds thresh- 
old at any time during the signal interval. a ‘detect’ state 
occurs. and the subject will report seeing the stimulus. The 
false alarm rate is assumed to be negligible. It is further 
assumed that a threshold response is stochastically deter- 
mined, and that the form of the probability-of-seeing den- 
sity function is: 

f(r) = 1 _ e-AR(rH’ (4) 

where z and b are constants. f(t) is called a density func- 
tion because it represents the probability-of-seeing per unit 
time. Green and Lute (1975) have shown that this form 
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is the only one which preserves its shape under translation 
along the log contrast axis for the type of probability inte- 
gration assumed here. Since probability-of-sremg curves 
obtained with different exposure durations have this invar- 
iance property (Nachmias. 1967). and for computational 
convenience. this form has been adopted. The constant x 
IS a scaling parameter and p determines the steepness of 
the probability-of-seeing curve. The probability of ‘seeing‘ 
a stimulus presented for time rc. 1s: 

I, 
P,,, = 1 - exp 

Cr 
tn(l -f(r))dt 

I 
(5) 

"0 

.A proof of (5) is given in the Appendix. Inserting the den- 
sity function of (4) and the response function of (3): 

p,,, = 
I - exp[-k,C$t~i-*iP**] t, < r,, 

I -exp(- C$[k, + k,(t, - to)]: t, > to 1 (6) 
where k,, k2, and k, are constants. 

For the experiments reported in this paper, a procedure 
was used which estimated contrasts for a fixed probability- 
of-seeing level as a function of signal duration I, This 
occurs when the exponent in (6) remains constant. Con- 
sider two cases. 

(1) For signal durations t, very much greater than the 
integration time r,,, the preceding condition obtains when: 

or: 

C$r, = const (7) 

c,xt;* a (8) 

In log-log coordinates. this relation is represented by a 
straight line of slope -l/b. According to Table I. the 
secondary decline of the contrast threshold vs duration 
curves may be represented by straight lines with slopes 
near -0.3. Then, according to (8). p _ 3. Such a value 
for B corresponds to a very steep probability-of-seeing 
curve. However. data from a variety of studies (Blackwell. 
1946; Blackwell, 1963; Nachmias, 1967; Sachs, Nachmias 
and Robson. 1971) report steep probability-of-seeing 
curves for contrast detection tasks under a wide variety 
of conditions Figure 7 presents frequency-of-seeing curves 
for the detection of 3.0 cpd gratings from the two subjects. 
The solid curves through the data have the form 1 
-O.Sexp(-xC#) where C is contrast, and ,!I = 2.5. (The 
factor 0.5 in the foregoing expression results from the 
assumption that in trials for which threshold is not 
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Fig. 7. Frequency-of-seeing functions. (x ): Subject WWL; (0): Subject JD. The signal was a 3.Oc/deg 
grating presented for 180msec. Each data point is based on 160 forced choice trials, and all data 
were collected in single sessions. Curves through the data have the form 1 - 0.5 exp ( -zCB). where 

z and B are constants and C is contrast. Solid curve: )5 = 2.5; dashed curves: b = 2.94. 
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achieved a subject will guess correctly 50% of the time.) 
A value of fi = 294 is predicted from the reciprocal Of 

the secondary slope for the 3.0 c. deg grating in Fig. 3. The 
dashed lines in Fig 7 present the predicted curve. The 
discrepancy between predicted and observed curves is 
small. and may be due to some unknown source of varia- 
bility in the frequency-of-seeing measurements. 

(2) For signal durations less than the integration time 
to. the condition equivalent to equation (7) is: 

or: 

Cgr:t -m)d * L = const (9) 

CoXt-“-+’ 51 , (10) 

In log-log coordinates this relation is represented by a 
straight line of slope I - m + I,$ According to Table I. 
the initial portions of the threshold curves may be repre- 
sented by straight lines with slopes near -0.7. Since l/B 
has been evaluated as 0.30. m _ 0.6. This means that the 
integration profile H(C) of equation (2) has the form r-O? 
This profile weights recent times more heavily than distant 
ones. For a critical duration of 100 msec, for instance, half 
of the area of the weighting function is contained within 
the lirst 18 msec. 

According to the foregoing derivations. the gradual de- 
cline in threshold beyond the critical duration is solely 
due to probability integration and is independent of the 
character of temporal integration. On the other hand. for 
durations less than the critical duration, the steeper decline 
in threshold is due both to the shape of the temporal integ- 
ration profile and to characteristics of probability integ- 
ration. 

The asymptotic levels reached by the threshold curves 
beyond loo0 msec indicate that the threshold decline due 
to probability summation is not unbounded. For long 
durations, subjects reported some difficulty in maintaining 
good fixation and accommodation. Factors such as these 
probably account for the presence of the asymptotic level. 

Bandwidth functions obtained with masking 

In the second experiment, thresholds for 1OOmsec 
signals of a given spatial frequency were measured 
as a function of the spatial frequency of briefly pres- 
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ented masking gratings of contrast 0.22. The masking 
gratings were like those used in the first experiment 
(see Fig. 1). except that their spatial frequencies varied 
both above and below the spatial frequency. They 
acted to preferentially desensitize the transient re- 
sponse of detecting mechanisms. 

In Fig 8, the ratio of masked to unmasked thresh- 
old is plotted in decilogs as a function of spatial fre- 
quency for signals of 3.0. 6.0 and 12.0 cideg. The data 
points are geometric means of 4 threshold estimates, 
2 from each subject. An estimate was obtained from 
a block of forced choice trials (see Method). Smooth 
curves have been drawn through the data points. 
There were no systematic differences in the shapes 
of the bandwidth functions between the two subjects. 
The shapes of the curves reveal characteristics of the 
spatial frequency selectivity and peak sensitivity of 
the mechanisms detecting the specified signals. In 
each case, the peaks of the bandwidth curves occurred 
at the signal frequency. The masking was broader at 
3.0c/deg (about 2.0 octaves between half-maximum 
values). Masking was asymmetrical, being slightly 
broader below the peak. The decrease in the magni- 
tude of masking from 3.0 to lZ.Oc/deg was undoubt- 
edly due to the decreased sensitivity of the visual sys- 
tem to masks of contrast 0.22 at increasing spatial 
frequencies. The shapes of the bandwidth functions 
shown in Fig. 8 are in general agreement with the 
masking functions obtained under quite different con- 
ditions by Stromeyer and Julesz (1972). Unlike the 
present study, they used a procedure in which the 
frequency of the masking stimuli (1 octave wide bands 
of noise) were held constant, while the frequencies 
of the test stimuli were varied. Since they used con- 
tinuous signal presentations, the similarity in the 
shapes of the measured bandwidth functions suggest 
that the spatial frequency selectivity of sustained 
mechanisms at or above 3.Oc/deg is unchanged for 
signal durations as brief as 100 msec. 

The facilitating effects of masks whose spatial fre- 

Fig. 8. Bandwidth functions at high spatial frequencies. Contrast thresholds for sinewave grating signals 
of 3.0. 6.0 and 12.Ocpd have been measured as a function of the spatial frequency of masks. The 
masks consisted of 20 msec pulses of sinewave gratings immediately preceding and following the signal 
gratings. The contrast of the mask was 0.22. Duration of the signal was kept constant at IOOmsec. 
The ordinate is the ratio. in decilogs. of the masked threshold contrast to the unmasked threshold 
contrast of the signal presented for 100 msec. Data points are geometric means of 4 threshold estimates. 
2 each from 2 subjects Each estimate was obtained from a block of forced choice trials. Smooth 

curves have been drawn through the data. The standard errors were always less than 207,. 
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Fig. 9. Bandwidth functions at low spatial frequencies. Contrast thresholds of binewave grating signals 
of 0.375 (o), 0.75 (0). and 1.5 (x ) cpd, IOOmsec duration, have been measured as a function of 
the spatial frequency of masks. Details are the same as for Fig. 8 except: data points are the geometric 
means of 8 threshold estimates. 4 from each of 2 subjects. Separate smooth curves have been drawn 
through the 3 sets of data to the left of l.jc/deg, and a single curve through all the data to the 
right of I.5 c/deg. The standard errors were always less than 15% (+ ) symbols give contrast thresholds 
for 0.375 c/deg signals of duration loo0 msec as a function of the spatial frequency of masks. They 

are geometric means of 4 threshold estimates, 2 from each of 2 subjects. 

quencies were well below the signal frequency (see 
the curve for 12.0 c/deg in Fig. 8), have been observed 
by other investigators under other conditions (Stro- 
meyer and Klein, 1974; Nachmias and Weber, 1975). 

In Fig. 9, corresponding bandwidth functions are 
plotted for signal frequencies of 0.375 (e). 0.75 (o), 
and 1.5 ( x ) cpd. (The + symbols will be discussed 
below.) Each data point is the geometric mean of 8 
threshold estimates, 4 from each subject. Smooth 
curves have been drawn through the data. The band- 
width functions grew broader for signals of decreasing 
spatial frequency. The increasing breadth was chiefly 
manifested by a separation of the curves below 
I .5 c/deg. This separation demonstrated the increased 
effect of low frequency masking upon low frequency 
signals. To the right of their peaks, the three curves 
descended together toward zero at higher spatial fre- 
quencies. Peak masking at the lowest signal frequency 
of 0.375 c/deg did not occur at the signal frequency, 
but was displaced about 1 octave to the right. 

In connection with the masked threshold data for 
0.375 and 0.75c/deg in Fig. 5, it was observed that 
the shapes of the threshold curves indicate the func- 
tioning of sustained mechanisms at low spatial fre- 
quencies. Two features of the bandwidth data in Fig. 
9 suggest that the sustained mechanisms in question 
have optimal sensitivity near l.Oc/deg. 

(1) The shift in peak masking to an octave above 
the signal frequency of 0.375 c/deg suggests that the 
signal was detected by a mechanism with peak sensi- 
tivity above 0.375 c/deg. 

(2) The vertical separation of the bandwidth func- 
tions below 1.5 cpd suggests that detection is mediated 
by a single mechanism. This is so because the more 
remote the signal frequency is from the optimal fre- 
quency of the detecting mechanisms, the more the 
former’s contrast must be raised before the latter’s 
threshold is reached. (Recall that the transient mech- 
anisms which are responsible for detection under nor- 
mal conditions have been preferentially desensitized 

by the transient masking procedure). According to 
this interpretation, the convergence of the curves at 
higher spatial frequencies reflects the recovery of sen- 
sitivity by the low frequency transient mechanisms 
as the masking frequency becomes more remote. 

A check on the assumption that the low spatial 
frequency bandwidth functions reflect characteristics 
of sustained mechanisms is provided by reference to 
the (+ ) symbols in Fig. 9. They give results of an 
experiment in which bandwidth functions were 
obtained for 0.375 c,;deg signals of 1OOOmsec 
duration. The data points (+) are geometric means 
of 4 threshold estimates_ 2 from each subject. The 
(+) symbols represent the ratios in decilogs, of 
masked thresholds for 1000 msec. 0.375 c/deg signals, 
to unmasked thresholds for IOOmsec signals at the 
same spatial frequency. If threshold detection under 
conditions of masking were due to sustained mechan- 
isms, the loo0 msec signals would be expected to yield 
lower thresholds and hence, lower bandwidth func- 
tions. As may be seen in the figure. this is the case. 
The masking functions for lOC%msec presentations 
are nearly flat up to a spatial frequency of about 
4.5 c/deg having an ordinate value near 3 decilogs. 
This confirms the suggestion that, under conditions 
of transient masking, a sustained mechanism accounts 
for the threshold detection of grating signals of spatial 
frequencies at 0.375 c!deg. 

Stated otherwise, the foregoing result implies that 
masks ranging over at least 4 octaves (0.18 to 
3.0 c/deg) preferentially desensitize the transient re- 
sponse at 0.375 cpd This is consistent with the obser- 
vations of Kulikowski and ToIhurst (I973) who found 
that flicker sensitivity has a low-pass spatial frequency 
sensitivity. The results may further suggest that flicker 
(transient) response is single channel in character, un- 
like the multiple channel character of sustained re- 
sponse. 

Evidence for the existence of a ‘lowest adaptable 
channel’ comes from the work of Blakemore and 
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Campbell (19693. and Tolhurst (1973). These investi- 
gators demonstrated a shift in the peak of spatial fre- 
quency adaptation bandwidth functions to frequen- 
cies higher than the adapting frequencies However, 
they did not demonstrate the expected broadening of 
the bandwidth functions below the peak, as exhibited 
in Fig. 9 for the bandwidth functions obtained with 
masking. Stromeyer et al. (1976) demonstrated spatial 
frequency adaptation with spatial frequencies as low 
as 0.5 c/deg. In their study, adapting gratings were 
presented in random phase jitter at a contrast of 0.11 
on a display subtending 18”. For adaptation at 
O.Sc/deg, there were strong threshold elevations for 
spatial frequencies 2 octaves below at 0.12 c/deg, sug- 
gesting the signals at these low spatial frequencies 
were being detected by the adaptive channel at 
OSc/deg. Stromeyer et al. (1976), however, did not 
observe a shift in the peak of the bandwidth functions 
away from the adapting frequency. 

In the discussion concerning Fig. 5, it was observed 
that the decline in threshold with duration for the 
masked curves at spatial frequencies of 0.375 and 
0.75c/deg was more gradual than for the sustained 
mechanisms at higher spatial frequencies. This may 
have been due to one of the following: 

(I) The desensitizing effects of transient masks at 
0.375 and 0.75 cpd were small on the ‘lowest sustained 
channel’ at 1.5 c/deg, and thus, not as much recovery 
of sensitivity was possible. 

(II) The extent of temporal integration may be less 
for nonoptimal stimuli-namely, stimuli at 0.375 and 
0.75 c/deg being detected by a mechanism with opti- 
mal sensitivity at 1.5 c/deg.. 

Figure 10 schematically summarizes the relations 
between transient and sustained mechanisms, as in- 
ferred from the experiments. 

(1) In the absence of masking, threshold behavior 
is governed by transient mechanisms below 1.0 c/deg, 
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Fig. 10. Schematic diagram of the sensitivity of transient 
and sustained mechanisms. (a) In the absence of masking; 

(b) In the preseuce of masking. 

and by sustained mechanisms at higher frequencies 
(Fig. 3) 

(2) Masking indicates that sustained mechanisms 
are relatively narrowband (Fig. 8), but the transient 
mechanisms are low-pass and relatively broadband 
(Fig. 9, + symbols). 

(3) There is a lowest sustained channel (Fig. 9). In 
the presence of trausient masking it has greater sensi- 
tivity at frequencies below l.Oc/deg than does the 
transient mechanism (Figs. 5 and 9). 

SUMMARY AYD COFKLUSlOSis 

It has been hypothesized that the psychophysical 
detection of sinewave gratings is governed by n-an- 
.siem mechanisms at low spatial frequencies and sus- 
mined mechanisms at high spatial frequencies. The 
former respond to temporal changes, and the latter 
respond to steady state signals 

In the first of two experiments, this hypothesis was 
tested in two ways. Using a forced choice procedure, 
threshold contrasts for two subjects were measured 
at 6 spatial frequencies and 10 durations. in the pres- 
ence or absence of brief, masking gratings. 

(1) In the absence of masking the curves for 
threshold as a function of duration were of two types. 
For signals below 1.5 c/deg, threshold became inde- 
pendent of duration after a critical period of no more 
than 100 msec. For signals of 1.5 c/deg and above, 
the threshold curves exhibited an initial decline like 
those for lower spatial frequencies, but also a shal- 
lower secondary decline to an asymptotic level. The 
results are those predicted for the sustained/transient 
dichotomy. At all frequencies, the initial decline had 
a log-log slope near -0.7. and at high spatial fre- 
quencies, the secondary decline has a slope near -0.3. 

(2) The high contrast masking gratings were 
20msec pulses which masked the onset and offset of 
the signal gratings. At 1.5 c/deg and above, masked 
threshold curves showed a regular decline to an 
asymptotic level equal to that of the unmasked curve. 
This result is consistent with the hypothesis of SW 
tamed response at high spatial frequencies. Below 
1.5 c/deg, the threshold curves also showed a steady 
decline for at least lOOOmsec, a characteristic typical 
of sustained response. It was hypothesized, therefore, 
that masking had desensitized the low frequency tran- 
sient mechanisms, rendering them less sensitive than 
coexisting sustained mechanisms This hypothesis was 
supported by a control experiment in which lower 
contrast masking of 0.375 c/deg signals yielded an ele- 
vated threshold curve of the shape predicted for tran- 
sient response. 

In the second experiment, the masking procedure 
was used to obtain spatial frequency bandwidths. 
Thresholds for 6 sinewave grating signals were 
measured as a function of the spatial frequency of 
the masking pulses. 

(1) For spatial frequencies of 3.0,6.0 and 12.0 c/de& 
the bandwidth functions peaked at the signal frequen- 
ties, were of medium bandwidth (1-2 octaves), and 

were slightly skewed in shape. 
(2) The bandwidth functions for signals of 1.5, 0.75 

and 0.375 c/deg all peaked near 1.0-1.5 c/deg. Below 
the peak, the bandwidth functions for lower frequency 
signals were of greater magnitude. These character- 
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lstics of the bandwidth funcnons suggested that low 
frequency signal detection under masked conditions 
was due to a sustained mechanism with optimal 
sensitivity near l.jc:deg. In a controi experiment. 
the bandwidth function for a 1000 msec signal of 
0.3X c;deg was measured. The resulting function was 
nearly constant from 0.27-3.0 c,‘deg w4th a value near 
3.0 decilogs, indicating that transient detection at 
0.375cideg can be masked by stimuli 33 octaves 
higher in spatial frequency. 

Breitmcyrr 8. G. and Julesz B. I Ir‘y51 The role of on dnd 
Off transients m determining the psychophvsical spatial 
frequency response. iision Res. 15. 41 l-41;. 

Brown J. L. and Black J (1976) Critical duration <or rew- 
llution of acuity targets. C’ision Rrs. 16. 309-315. 

Campbell F. W (1974) The transmission of spatial inior. 
mation through the visual system. In The .Vruroscirnces 
Third Study Progrum (Edited by Schmitt F. 0. and 
Worden F. G.). pp. 95-103. MIT Press. Cambridge. 
Mass. 

The combined results of the two experiments con- 
firm that transient and sustained mechanisms operate 
at low and high frequencies respectively. They also 
suggest that coexisting sustained mechanisms function 
at low frequencies as well. but manifest their presence 
in threshold detection only when the transient mech- 
anisms have been desensitized. 

Campbell F. W. and Green D. G. (1965) Optical and 
retmal Qctors affecting visual resolution. J. Physloi.. 
Lond. 181. 576593. 

Campbell F. W. and Kulikowski J. J. (1966) Orientational 
selectivity of the human visual system. J. Physiol.. Land. 
187. I37--%. 
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APPEWDIX: PROOF OF EQUATION (5) 

Assume an interval t, is divided into N equal intervals. 
Let the probability of detection in any interval be a func- 
tion of a parameter R. The probability of detection in the 
ith interval is PAR) and the probability of no detection 
is QAR) = 1 - PAR). Suppose that detection in the N inter- 
vals is independent. Then. the overall probability of no 
detection Q. is: 

Qo = ii Q,(R) 
i-L 

If R is constant, and independent of time, all the values 
of Q, are equal, and may be denoted QN(R) Also, Q. may 
be regarded as a function of R: 

QoW = ii Q,dR) = Qd:R)" 

Therefore: 

i=, 

en(R) = Qo(R)(“N’ 

Now, suppose R is a function of time t : 

Q. = i Qi(R(t)) = i Q&R(t))“.’ 
i=l i=L 

where Qoi is the value of Q,, which would be obtained 
if R were constant at the value R(r) for the entire interval. 
Taking logs of both sides: 

ln Qo = $ f In Q&R(t)) = ; ,i In [l - P,,(R(r))] 
i-1 1-1 

Let the summation pass to an integral by allowing 
N+ x and by making P&R(t)) contract to a density func- 
tion f(t). Then : 

Q. = exp 

Finally, the total probability of detection in the interval is: 

PO= I -Qo= 1 -exp In C 1 - f(t)] dt 

This is equation (5) 


