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Recent reports dealing with apparent motion challenged the standard view according to which motion 
processing shouid be hnpussible if the visual attributes matched acrom space and time are proces~I 
in independent channels (the similurity primipk). Tbe present work examines this pussibi#ty tifar 
as it relates to the spatiotemporal combination of pure chromatic and pure Imninamze information. 
The data indicate that the “similarity principle” is h&xl infw at low (62.5 Hz, i.e. velocities 
of 2.5 degjsec for spatial modulations of 1 c/deg, iu this study) but not at higb (2 7.5 Hz) temporal 
frequencies. The fact that colour and luminance may or may not combine to yield motion perception 
depending on their temporal modulation reconciliates contradictory results in the literature and 
supports the idea of two m&on systems, a “fast”/specific one, integrating information only &om 
similar subuni@ and a ~~ow”/~~ one, ~~~ i~o~ati~ across diasimUar subunits (in 
tbe present case, across the chromatic and achromatic “domains’t). This ~tomy is also supported 
by the Bading that chromatic reverse-phi (i.e. with equiluminant, red and green stimuli) can be dshserved 
at medium temporal frequencies but is replaced by direct motion at low tempo& frequencies, 
presumably within the range of the “slow”~unspec& system. Using a modified ‘Lminlalmn motion” 
technique (referred to as the Reverse-F%i equiluminance method) we present data ailowiag to assess 
the relative weights of the two systems as a function of temporal frequency. 

Motion processing Colour Luminance Covariance Similarity 

~ODU~ION 

The two basic assumptions used in most of the recent 
models of motion perception are the covariance and the 
similarity principles. The former, originally proposed by 
Reichardt (1961) is but another spelling of the fact that 
perceived motion can be accounted for in terms of the 
oriented spatiotemporal energy of the physical stimulus 
(Adelson & Bergen, 1985; Van Santen & Sperling, 1985). 
The latter relates to the specificity of the sensory infor- 
mation used to compute spatiotemporal covariance (or 
energy). Until recently, the general consensus was that 
the sensory units (or filters) whose outputs provide 
the critical information to a “generalized Reichardt- 
detector” (Van Santen 8z Sperling, 1985) are necessarily 
of the same type, i.e. they share the same spatiotemporal 
filtering properties (e.g. same size, same spatial fre- 
quency, same chromatic or achromatic characteristics, 
etc.). Experimental arguments favouring this “similarity 
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principle” are essentially based on apparent motion 
techniques (Green, 1986; Green & Odom, 1986; Watson, 
1986; Gorea & Papathomas, 1987, 1989). 

There are also experimental arguments against the 
similarity principle some of which appear to be based on 
a misunderstanding. The misunderstanding relates to 
the domain of application of the similarity metric 
itself, namely physical or sensory. The use of the first 
alternative led a few authors (Ullman, 1980; Shechter, 
Hochstein & Hillman, 1989; Werkhoven, Snippe & 
Koenderink, 199Oa, b) to conclude against the similarity 
metric (without rejecting the covariance principle). 
Indeed, the experimental finding that the spatiotemporal 
correspondence of, for example, two very dissimilar 
orientations may still yield strong motion perception 
(Ullman, 1980) is a strong argument against the simi- 
larity metric insofar as one refers to a physical similarity. 
However, within the sensory space, we know that the 
dissimilar orientations may well be processed by lower- 
level spatially isotropic filters whose outputs can be used 
to compute spatiotemporal energy (or correspondence). 
Accordingly, such an experimental result should not be 
taken as evidence against a similarity metric defined in 

__ _ 
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the sensory space (see also Nishida & Takeuchi, 1990). 
On the other hand, one may consider that the similarity 
metric (in the sensory space) is infringed if the relevant 
isotropic filters represent an even higher processing 
stage upon which converge all the oriented subunits at 
a given spatial scale. Mathematically, the two schemes 
are equivalent and the decision concerning the infringe- 
ment of the similarity principle becomes a matter of 
convention. Nonetheless, our present knowledge of the 
hierarchical structure of the visual system render the 
second wiring scheme quite unlikely. This is not necess- 
arily true for visual attributes other than orientation (see 
below). 

More serious arguments against a similarity metric 
in the sensory domain were offered from two different 
perspectives. Using an oscillatory, two-stroke apparent 
motion paradigm and an adjustment procedure, 
Cavanagh, Arguin and von Gtinau (1989) showed that 
motion perception can be elicited by a multitude of 
combinations of distinct stimuli (in a sensory sense) 
such as colour- and luminance-defined ones. Quite re- 
cently, using an objective procedure, very carefully 
calibrated stimuli and a new animation technique [orig- 
inally proposed by Nishida and Takeuchi (1990) and 
extensively used by Werkhoven et al. (1990a) and 
Werkhoven, Sperling and Chubb (1993); see below], we 
have reported the absence of any motion perception 
yielded by this same colour-luminance combination 
and suggested potential stimulation artifacts to account 
for this discrepancy (Gorea, Kovacs & Papathomas, 
1992). 

The second line of argument against the similarity 
metric is based on a criticism of the traditional stimuli 
used in apparent motion studies (such as those of Green, 
1986; Green & Odom, 1986; Watson, 1986; Gorea & 
Papathomas, 1987, 1989). Werkhoven ef al. (199Oa, 
1993) and Werkhoven, Sperling and Chubb (1992a, b) 
drew attention to the fact that a “classical” periodic 
apparent motion stimulus whereby two arbitrary 
“tokens” A and B are systematically matched across 
space and time in one direction but alternate in the 
opposite direction (see the apparent motion studies cited 
above) contains by necessity more energy along the 
homogeneous (i.e. A-A and B-B) than along the hetero- 
geneous (i.e. A-B and B-A) path.* The typical finding 
obtained with such stimuli, i.e. that the homogeneous 
path is always preferred to the heterogeneous one, might 
therefore be explained by a trivial mathematical inequal- 
ity. By using a stimulus configuration which avoids this 
inconvenience, Werkhoven et al. (1992a, b, 1993) could 
show that, contrary to previous reports by Green (1986) 
and Watson (1986), there is a motion system which can 
combine spatial frequencies more than one octave apart. 
Whether this finding is to be taken as evidence against 

*If A and B are intensities (or contrasts), the overall energies along the 

homogenous and heterogeneous paths are A’ + B’ and 2AB. 

respectively. It is always true that A’ + B’ > 2AB. 

the similarity principle (in the sensory domain) depends, 
as for the orientation attribute, on the postulated hier- 
archy of the underlying processing stages. 

A plausible scheme is that spatially band-pass filters 
converge on higher-order units which will consequently 
behave as low-pass filters. Since under this hypothesis 
spatial frequency information is first processed and 
subsequently lost at the motion processing stage, 
Werkhoven et al.‘s result may be taken as evidence 
against the similarity principle (in the sense defined 
above). The alternative hypothesis is that low-pass filter- 
ing is present at the first processing stage and that the 
bifocal motion detector uses directly this type of infor- 
mation. Werkhoven et ul.‘s result will then be compatible 
with the similarity metric. The two schemes are difficult, 
if not impossible to discriminate since they both account 
for motion perception across spatial frequency in terms 
of low-pass filtering. However, low-pass filtering cannot 
be invoked as a sufficient requirement to account for any 
type of heterogeneous motion perception. It is widely 
accepted that, at the first processing stages, chromatic 
and achromatic information are processed in parallel 
streams (e.g. Livingstone & Hubel, 1984). Conse- 
quently, one should conclude to an infringement of the 
similarity principle (as defined) any time that motion 
perception can be elicited by a spatiotemporally hetero- 
geneous stimulus combining colour and luminance infor- 
mation. 

In the last few years, two of us developed and used a 
family of spatiotemporally discrete, apparent motion 
stimuli permitting the evaluation of the relative contri- 
butions to motion perception of chromatic and achro- 
matic information (Gorea & Papathomas, 1987, 1989; 
Papathomas & Gorea, 1988; Papathomas. Gorea & 
Julesz, 1991). The interpretation of some of these results 
is critically dependent on the standard assumption of an 
underlying similarity metric for motion perception. In 
the particular case of luminance vs chromatic infor- 
mation, the similarity assumption states that the two 
types of information cannot combine to produce motion 
perception. The present study was meant to test this 
hypothesis. The data presented in a partial report of the 
present study (Gorea et a!., 1992) and obtained at 
relatively high temporal rates strongly supported the 
similarity assumption. Additional data obtained at much 
lower temporal rates (close to those used in Cavanagh 
et al. and in Werkhoven et ul.‘s studies) reject, however, 
the similarity assumption. We now present the whole 
set of experiments and argue in favour of two distinct 
motion systems, a “fast”/specific and a “slow”/ 
unspecific one (which may or may not match the classical 
short- and long-range dichotomy; see Cavanagh & 
Mather, 1989). Based on the characteristic behaviour of 
the “fast” system and on the luminance reverse-phi 
phenomenon (Anstis, 1980) we propose a new method 
for assessing the relative strength of the two systems. 
Finally, we present a few observations on the reverse-phi 
phenomenon with both chromatic and achromatic stim- 
uli which support the “fast”/“slow” dichotomy in 
motion processing. 
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GENERAL METHODS 

Stimuli 

The stimuli were vertical square-wave luminance 
and/or chromatic gratings displayed on a Sony Trinitron 
monitor (GDM 1601/1950) driven by an Adage PG- 
9O/lO graphic card under the control of a LEANORD- 
386 AT computer. The Adage card provides 8 bits 
modulation (256 levels) per gun, The individual bars 
composing a stimulus could be red, green and/or yellow 
with CIE x and y coordinates (0.611, 0.353) for red, 
(0.285, 0.597) for green and (0.448, 0.475) for yellow as 
measured with a Minolta Chroma Meter CS-100. They 
were always displayed on a yellow background set at 
20 cd/m*. Their width subtended 0.25 deg of visual angle 
at 114 cm from the observer. The red and green bars 
could be equiluminant between themselves and relative 
to the yellow background or not. The luminance of the 
yellow bars was always above or below the luminance of 
the background. The cone contrast of the equiluminant 
red/green modulation (see Cole & Hine, 1992) depended 
on the specific equiluminant settings of each observer 
and was close to an average of 28 or 22% depending on 
whether the contribution of the S cones was or was not 
considered, respectively. 

The spatial configuration of the “gratings” was un- 
conventional so as to permit a variety of spatiotemporal 
modulations, as described below. With one exception 
(see below), the spatial (and temporal) sequence of red, 
green and/or yellow bars in the stimuli defined a four- 
stroke period. Thus the maximum drift rate that can be 
obtained for such stimuli with a 60 Hz video raster (i.e. 
16.6 msec/frame) is 15 Hz (i.e. with zero ISI). Directional 
performances were measured for drift rates of 2.5, 3.75, 
7.5 and 15 Hz. The first three modulations were obtained 
by increasing the number of “stimulus (ON) frames” 
and/or of “background (OFF) frames”. Most of the data 
presented in the remainder were obtained with balanced 
ON/OFF duty-cycle ratios (l/l, 2/2 and 3/3 for modu- 
lations of 7.5, 3.75 and 2.5 Hz, respectively; by necessity, 
the 15 Hz modulation requires an l/O ON/OFF ratio). 
Other duty-cycle ratios have also been used yielding, 
with one exception, practically identical results. 

The fundamental spatial frequency of the square 
gratings was 1 c/deg. The stimulus used to assess equilu- 
minance by means of heterochromatic flicker photom- 
etry (HFP) had a spatial and temporal period of two. It 
was displayed at a temporal rate of 30 Hz. The grating 
stimuli subtended a 6.5 x 6.5 deg area at 114 cm from 
the observer with the yellow background extending over 
17 x 13.5 deg. 

General procedure 

With the exception of the HFP experiments where 
the luminance of one colour was adjusted to minimize 
flicker perception, observer’s task in all the experiments 
described below was to specify the perceived direction of 
the stimulus (i.e. leftward vs rightward). Each stimulus 
presentation consisted of eight “stimulus frames” (i.e. 
two temporal periods). Datum points were obtained by 

means of a two-alternative forced-choice (ZAFC) pro- 
cedure with constant stimuli and were expressed as 
percentages correct, if there was a “correct” answer, or 
as “preference” percentages for the direction of a given 
“motion-carrier”. With the exception of Expt 3, percent- 
ages “correct” were obtained as a function of the 
luminance contrast of either the chromatic (red and/or 
green) or “achromatic” (i.e. yellow) bars relative to the 
luminance of the yellow background. Luminance con- 
trasts used in the main experiments were always esti- 
mated in preliminary experiments by the method of 
adjustment so as to bracket the directional threshold or 
the point of subjective equality. Luminance contrasts of 
yellow lights were measured as the ratio between the 
luminance increments (or decrements) relative to the 
yellow background luminance. For red and green lights, 
luminance contrasts were measured as above but with 
reference to the red and green lights equiluminant with 
the yellow background (see below). In Expt 3 chromatic 
and luminance contrasts were fixed. 

In each experimental session, percentages “correct” 
were always computed out of 50 trials per datum point. 
Each session was repeated at least three times so that 
final performances were computed out of at least 150 
trials per condition. More typically, sessions were re- 
peated four times (200 trials/condition) and in some 
cases up to 16 times (800 trials/condition). 

The first author, an emmetrope, served as an observer 
in all experiments. Two naive but well trained graduate 
students (females) served as observers in the most critical 
conditions. Their vision was corrected to normal. Vision 
was binocular with natural pupils. 

Initial equiluminance settings 

Since the demonstration that chromatic contrast may 
or may not combine with luminance contrast is critically 
dependent on the absence of all luminance cues in the 
chromatic stimulus, particular care was devoted to the 
HFP procedure. The stimuli were vertical gratings com- 
posed of red-green, red-yellow or green-yellow bars of 
the same spatial extent as those used in the main 
experiments. The bars were modulated in counterphase 
at a temporal frequency of 30 Hz. Observer’s task was to 
adjust the luminance of one of the two types of bar used 
in the stimulus in order to minimize flicker perception. 
The initial luminance level of the adjustable field was 
randomly set above or below the minimum flicker range 
(MFR) at an arbitrary level. 

Given that we were interested in assessing red and 
green equiluminant points relative to a yellow light and 
that the latter was to be obtained by summing equilumi- 
nant red and green lights, their relative efficiency, 
E (E = L,lL,), was estimated by means of a partially 
recurrent HFP procedure. The progressive estimation of 
E was terminated when it did not vary from one 
assessment to another. For each new assessment of E, 
the observer produced five adjustments of both the 
upper and the lower bounds of the MFR. The equilumi- 
nance point was taken as their arithmetic mean. The 
step-by-step estimations of E proceeded as follows. 
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Step 1. The luminance of the green bars, LG, was set 
at 20 cd/m2 while the luminance of the red bars, L, , was 
adjusted for minimum flicker (L,, = 20, L,, = adj.). E1 
was defined as the ratio between L,oI and the midpoint 
of the adjusted MFR, L,, . 

Step 2. Using the above notation: L, = 20, L,, = adj.; 

Ez = 35~2 l&2 - 

Steps 3-4. Yellow bars were generated so that 
L,=LR3”kLc+3= 20 cd/m* and LG3/LR3 = (E, + E2)/2 = 
E3. LR4 and LG4 were separately adjusted to match Ly; 
E.s = Lo4 ILRQ 1 

Step 5. A new yellow was generated satisfying the 
* * 

condltlons L, = L,, + L,, = 20 and LGS/LR5 = E4 
(= Es). Again, LR6 and & were separately adjusted to 
match L,. At this point E4 = Ed = 1.156 (averaged 
across the three observers) and the procedure was com- 
pleted. The mean luminances of the red and green 
phosphors yielding the measured equiluminance with a 
20 cd/m* yellow were 18.55 and 21.45 cd/m*, respect- 
ively. Since these values are the midpoints between the 
lower and higher bounds of the MFR, they do not 
correspond necessarily to actual values obtainable on the 
8 bits/phosphor Adage card used in these experiments. 

MFR (averaged across the successive steps of the 
procedure) expressed as a percentage of its mean was 
34.3% (5.5 cd/m*) for red and 24.5% (5.9 cd/m?) for 
green. Despite the rapid convergence of the E esti- 
mations, the chances that the equiluminan~ condition 
might have not been achieved by just taking the mid- 
point of these very large MFRs are to be considered. 
Moreover, a priori negligible differences (at most 1.1%) 
between the computed midpoints and the actual lumi- 
nance values obtainable with the 8 bits/phosphor Adage 
card may also introduce luminance artifacts. To avoid 
them, the critical experiments were also run under 
conditions of spatio~m~ral l~i~~ce noise. 

Notice that red and green elements were never simul- 
taneously present in one stimulus frame and that, with 
the exception of Expt 3, they were never present together 
in one stimulus sequence either. Thus, chromatic aberra- 
tion related artifacts were unlikely with most of the 
present stimuli. In any event, manipulation of the lumi- 
nance noise presumably. counteracts them. 

EXPERIMENT 1. HOMOCaEOUS (cHBOMA1[IC- 
CHROMATIC) VS HETEROGBNF.OUS (CHROMATIC- 

ACHROMATIC) MOmON PATHS 

Equivalent nuisance contrast 

One of the ~nvenient things about a covariance 
metric is that the perceptual “strength” of a given 
moving component (in a complex stimulus) can be 
directly predicted by multiplying the activities elicited by 
the moving “tokens” along the motion path (see Adelson 
& Bergen, 1985; Werkhoven et al., 1992a, b, 1993). TO 
the extent that these activities are linearly related to the 
contrast of these tokens, the energy along (and thus the 
perceptual strength of) the given path is readily quan- 
tifiable. For a system which ignores the similarity metric, 

directional perception based on the coherent spatiotem- 
poral matching of chromatic and luminance gradients 
should override the directional perception based on only 
chromatic (or only luminance) gradients any time that 
the covariance product in the former case is larger than 
in the latter. In order to check this hypothesis, one 
should first be able to express the chromatic contrast in 
terms of equivalent luminance contrust (EqLC). This was 
achieved by means of a motion cancellation technique 
(Anstis, Cavanagh, Maurer, Lewis, MacLeod & Mather, 
1986) slightly modified to allow separate estimation of 
the EqLC for red/yellow and green/yellow chromatic 
contrasts (Agonie & Gorea, 1993). The stimulus 
configuration used in this preliminary experiment and 
schematically illustrated in Fig. I has the same spatial 
and temporal period (i.e. 4) as all the stimuli used in the 
main experiments. 

In Fig. 1 the “motion cancellation” stimulus is dis- 
played in a space-time plane with each row showing one 
stimulus frame. Each stimulus (or ON-) frame was 
presented for a variable number of raster frames (i.e. 
N x 16.6msec). The interstimulus interval was null (i.e. 
0 OFF-frames). The durations of the ON-frames were 
set to yield 2.5, 7.5 and 15 Hz modulations (i.e. 6,2 and 1 
raster frames, respectively). 

In Fig. 1, the chromatic contrast (CC), is systemati- 
cally matched to the right (i.e. rightward motion) while 
the luminance contrast (LC) is matched to the left 
(leftward motion). In the actual experiments, the direc- 
tions of the spatiotemporal matchings were randomly 
swapped. The 20 cd/m* yellow background is shown as 
an homogeneous grey. The “CC” patches (vertical bars 
in the actual experiment) could be red or green and were 
set at the equiluminance point (with respect to the yellow 
background). The “Lc” patches were yellow with a 
variable, positive LC with respect to the background. 

SPACE 
. 

FIGURE I. Schematic spatiotemporal representation of the stimulus 
used to assess the equivalent luminance con[rasr (EqLC) of a given 
chromatic contrast, CC. Each row represents one stimulus frame. In 
the experiments, one stimulus frame consisted of CC (red or green) and 
LC (luminance contrast; dark or bright) bars on a yellow background 
(shown here in grey) equihnninant with the CC elements. Both the 
spatial and temporal periods of this stimulus are equal to four. In the 
illustration, the chromatic spatiotemporal path (CC-CC) is oriented to 
the right whiie the luminance spatiotemporal path (LC-LC) is oriented 
to the left. CC-CC and LC-LC paths were randomized in the actual 

experiments. 
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(Control experiments demonstrated that the measured session was repeated four times so that each experimen- 

EqLC is independent of the sign of the “LC” elements.) tal point shown in Fig. 2 is based.on 200 trials. They 

“Chromatic motion preferences” (percentages) were were fitted with psychometric functions of the form 

measured as a function of LC for red/yellow and green/ p = 1 - 2t@@)fl (with C, the contrast, Q, the threshold and 
yellow CCs in independent, randomized sessions. Each 4, the slope; Quick, 1974) by means of a procedure 

GREEN-YELLOW RED-YELLOW 

2.5 Hz 

- 0 4 8 12 16 20 24 28 0 4 8 12 18 20 24 28 

0 4 8 12 18 20 24 28 0 4 8 12 18 20 24 28 

7.5 Hz 

0 4 8 12 16 20 24 28 

100 

80 

80 

40 

20 

0 L 

2.6 Hz 

0 4 8 12 18 20 24 28 

Luminance Contrast of Yellow Elements 

FIGURE 2. Percentages of chromatic motion preferences (CC-CC path) measured with the stimulus of Fig. 1 as a function 
of the positive luminance contrast (LC -I-) of the “Lc” elements at three temporal fiquencies (increasing from top to bottom). 
Circles and squares are for observers AG and CA. Data obtained with green-yellow and red-yellow CCs are shown in the 
left and right panels, respectively. The continuous and dashed sigmoids are psychometric fimctions fitted for each observer. 
(CA was not run at 7.5 Hz). Arrows show the EqLCs, namely the luminance contrasts yielding 50% CC-CC (or LC-LC) 

directional preferences. 
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adapted from (Watson, 1981) with both CT and fi as free 
parameters. The EqLC was defined as the LC producing 
50% chromatic motion preferences. 

The data and the fitted psychometric functions are 
shown in Fig. 2 for two observers (AG and CA, circles 
and continuous curves and squares and dashed curves, 
respectively; CA did not nm the 7.5 Hz condition). 
EqLCs measured at 2.5 Hz are si~ni~cantly higher (by a 
factor of about 1.65 and 2.5 for AG and CA, respect- 
ively) than EqLCs measured at 7.5 and 15 Hz (see also 
Cavanagh & Anstis, 1991). For the two highest frequen- 
cies: the averall red/green EqLC (i.e. the sum of 
r~~yellow and gr~n/yellow~ is about f I.3 and 9.3% for 
AG and CA, respectively, well within the range of 
previously measured EqLCs (Anstis et al., 1986; Agonie 
& Gorea, 1993). At 2.5 Hz, the overall red/green contrast 
is about 18.5 and 20% for AG and CA, i.e, much closer 
to the cone contrast of our particular red/green modu- 
lation (i.e. 22% under the assumption that the S cones 
do not contribute to the luminance signal). This suggests 
that, at low temporal frequencies, colour- and lumi- 
nance-based motion information are about equally 
efficient (see Agonie & Gorea, 1993). AG displays a 
noticeable asymmetry between the red/yellow (2.5 Hz: 
10.6%; 7S and 15 Hz: 6.5%) and green/yellow (2.5 Hz: 
7.9%; 7.5 and 15 Hz: 4.8%) EqLCs. This suggests that 
the adapting background was slightly off the unique 
yellow for this observer. In contrast, CA’s settings are 
quite symmetrical about yellow. 

The ” ~~~k~o~en” experiment 

Having assessed the EqLC for both red and green 
modulations on an equiluminant yellow background, 
we are now in position of testing the main claim of the 
“similarity principte”. Figure 3 illustrates the 
“Werkhoven” stimulus (Werkhoven et al., 199Ua, 
1992a, b, 1993) in the space-time pfane. As above 

SPACE 

FIGURE 3. Schematic s~atio~rn~ra~ repm~ntat~on of the 
“Werkhoven-stimulus”. All details an as for Fig. 1. Notice the 
“conflicting” motion paths: to the right, the CC-CC, homogeneous 
path and to the left, the LC-CC, heterogeneous path. According to the 
“similarity hypothesis” (see text) the LC-CC path should never 
override the CC-CC path. If the similarity metric is irrelevant, the 
LC-CC path should take over the CC-CC path any time that the 
LC x CC energy product is larger than the CC x CC product (in 

equivalent luminance contrast units-a covariancz metric>. 

(see Fig. l), CC and LC stand for chromatic (red or 
green) and luminance (negative or positive) contrast 

modulations, while the grey area represents the 20 cd/m’ 
yellow background. Also as above, stimulus drift rates 
could be 2.5, 7.5 or 15 Hz obtained with a balanced 
duty-cycle ratio. (Practically identical results were ob- 
tained with unbalanced duty-cycle ratios.) 

The logic of this stimulus is as follows. CC modu- 
lations are set at the equiluminance point with the 
background, while LC is variable. If directionality is 
determined by the “largest energy” product across 
frames ind~p~~d~nt~~~ of the nature of the signals being 
processed (i.e. chromatic or luminance), the CC-CC 
(homogeneous~ path should dominate any time that the 
absolute LC is below the EqLC of a given CC modu- 
lation. Any time lLC/ > IEqLCj, the LC-CC (hetero- 
geneous) path should dominate. If performances 
“correct” are expressed in terms of CC-CC path prefer- 
ences, they should be above 50% for lLCi < /EqLCj and 
below 50% for {LGi > [EqLCl. 

As mentioned in the General Methods section, the 
equiluminance points obtained by means of the HFP 
procedure do not necessarily correspond to the precise 
values that can be obtained with our 8 bits/phosphor 
Adage card. For the red phosphor and AG, the 
measured equiluminant point (with respect to the 
20cd/m2 yellow background) was 17.89 cd/m’. The 
closest obtainable value was 18.08 cd/m* value, i.e. 
1.06% error. For the green phosphor, the measured 
equiluminant point was 20.82 cd/m2 and the closest 
obtainable value was 20.76 cd/m2 value, i.e. 0.3% error. 
To counteract these and other potential luminance arti- 
facts, luminance noise was introduced as a parameter. It 
was defined as the spatial and temporal random vari- 
ation of the luminance of all (i.e. “LC” and “CC”) 
stimulus elements within a predefined range around their 
nominal LC value. Given the technical limitations of our 
graphic card, only three luminance noise levels, within a 
given noise range, could be presented per frame. The 
noise range could be 0% (i.e. no noise). + 5% or + 15% 
variation. These three noise ranges were used only with 
AG at 15 Hz modulation. For the remaining two drift 
rates, this observer was run under 5% noise conditions. 
CA was run under 0% noise conditions at 15 Hz and 
under 5% noise conditions at 2.5Hz. 

The data shown in Figs 4 (AG) and 5 (CA) were 
collected as above, i.e. by means of a constant stimuli, 
2AFC procedure with each session being run with a set 
of five (out of 15 or 13, for AG and CA, respectively), 
randomly presented LCs, with a fixed CC and a fixed 
luminance noise range. The set of five LCs in each 
session, CC (red or green) and luminance noise (0, 5 or 
15%) were randomly varied across sessions. 

Figures 4 and 5, display “chromatic motion prefer- 
ences” as a function of LC. In the two figures, the 
vertical lines on both sides of 0 LC represent -t-EqLCs 
for green (left panels) and red (right panels) CCs. A 
covariance metric infringing the similarity principle pre- 
dicts that colour-carried motion preferences (i.e. the 
CC-CC path) should be above 50% for fLC1 -=z fEqLC/ 
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FIGURE 4. Percentages of chromatic motion preferences (CC-CC path) measured with the stimulus of Fig. 3 as a function 
of the luminance contrast (LC) of the “LC” elements at three temporal frequencies (increasing from top to bottom). The 
observer is AG. Data obtained with green-yellow and red-yellow CCs are shown in the left and right panels, respectively. “Cc” 
elements were equiluminant with the yellow background. Circles, squares and triangles show performances obtained under O%, 
5 and 15% luminance-noise conditions. Vertical lines symmetrical about 0% LC show the EqLCs from Fig. 2. The horizontal 

dashed lines show the 50% preferences. 

and below 50% for ILCl > IEqLCI. Clearly, this predic- 
tion is not verified at any of the three studied temporal 
drift rates. At 2.5 Hz and for LCs about twice larger than 
the measured EqLCs, the heterogeneous path is indeed 
preferred to the homogeneous one. This observation 
provides strong evidence against the similarity principle 
while suggesting, as a first interpretation, that the 
efficiency of the “heterogeneous motion system” is less 
than expected on the basis of a straightforward covari- 
ante metric. At higher temporal rates, however, the 
similarity principle appears to be respected since, within 
the range of the studied LCs (up to +80%, i.e. for LCs 
more than 12-20 times the estimated EqLCs) the hetero- 
path never overrides the homo-path (i.e within exper- 
imental error, performances are never below 50%). 
Thus, colour and luminance information do combine to 
yield motion perception at low temporal rates but ap- 
pear to be processed independently at medium to high 
temporal rates. Increasing the l~inan~ noise range 
from 0 to 15% (Fig. 4, AG, 15 Hz) decreases the LC 
range over which CC-CC motion is perceived but 

does not favour the relative strength of the LC-CC 
path. 

Taken together, the data suggest the existence of two 
motion systems, a “slow” system which operates at low 
drift rates and infringes the similarity principle and a 
“fast” system optimally activated at higher temporal 
rates and respecting the similarity principIe. The latter is 
necessarily a chromatic system since it responds to the 
equiluminant CC-CC path. The fact that, at low tem- 
poral rates, the heterogeneous motion takes over the 
homogeneous motion at LCs higher than expected on 
the basis of a pure covariance metric does not necessarily 
mean that the “slow” system infringes such a covariance 
metric. While both “slow” and “fast” systems may be 
active along the homo-path, only the former should be 
activated by the hetero-path. Thus, the hetero-path 
should take over the home-path when the covariance 
product within the “slow” system responsive to one 
direction out-weighs the sum of the covariance products 
within both “slow” and “fast” systems responsive to the 
opposite direction. Along this line of argument, the 



2522 ANDRE3 GOREA et al. 

additional LC required to reverse the perceived direction 
of motion may be taken as an estimate of the relative 
strength of the “fast” system at low temporal rates. This 
point will be expanded in the next section. 

The data displayed in Figs 4 and 5 were obtained after 
the careful assessment of equiluminance described in the 
Methods. However, a very different picture was initially 
obtained subsequent to a simplified (i.e. not recurrent) 
equiluminance assessment procedure having yielded 
slightly different equiluminance values. To illustrate the 
type of artifactual data one may obtain with the 
“Werkhoven” stimulus if equiiuminance is not properly 
assessed, colour-carried motion preferences of AG were 
measured once more at 15 Hz with 0% noise for green 
and red modulations slightly off their equiluminance 
point relative to the yellow background (+ 1 bin out of 
256 bins, for the green gun-yielding _+ I .6% luminance 
contrast variation, and +3 bins for the red gun- 
yielding + 3.3% luminance contrast variation; remem- 
ber that. like many of the current graphic systems used 
in the related literature, the Adage graphic card used 
here allows 8 bits modulation per gun). These “artifac- 
tual” data are shown in Fig. 6. 

As in Figs 4 and 5, vertical lines on either side of 0% 
luminance contrast show f EqLC points. Solid and 
open symbols show directional preferences with “CC” 
elements set at luminances below and above the actual 
equiluminance point, respectively. The data are strik- 
ingly different from those presented in Fig. 4. In particu- 
lar, colour-carried motion preferences may reach 0% for 
either negative or positive LCs depending on whether the 
equiiuminant point was under- or overestimated, re- 
spectively. From a methodological point of view, the 

CC: GREEN-YELLOW CC: RED-YELLOW 

0% Noise I 

main observation here is that, for green/yellow CCs, a 
deviation from the equiluminance point of only I bin 
(out of 256) is sufficient to completely distort the aspect 
of the data and to lead to conclusions opposite to those 
drawn from Fig. 4. In particular, the data shown in 
Fig. 6 appear to reject the similarity metric since, as 
expected on this account, the hetero-path appears to be 
preferred for a wide range of LCs. However. the drop of 
performances below 50% can be easily accounted for in 
terms of the LC-LC matching which overrides the 
CC-CC matching: when the LC of the yellow bars has 
the same sign as the artifactual LC added to the CC bars, 
luminance-carried motion will take over the coiour- 
carried motion (i.e. performances will drop below 50%) 
any time the LC x LC product is larger than the 
CC x CC product expressed in EqLC units. This predic- 
tion is more or less verified when one considers the 
estimated EqLCs for both green/yellow and red/yellow 
chromatic modulations and the LC artifacts added to 
each of them. 

The 100% branches of the colour-carried motion 
preference functions shown in Fig. 6 are due to a 
combination of two factors. The first is directly related 
to the CC x CC product which is the basis of the 
colour-carried motion per se. The second is very prob- 
ably related to a reverse-phi phenomenon (Anstis, 1980). 
Indeed, note that these branches occur when the LC 
added to the chromatic bars and the LC of the yellow 
bars are of opposite signs, i.e. the required condition for 
reverse-phi (see Expts 2 and 3). The data show a more 
or less pronounced tendency to approach 50% perform- 
ances for very high + LCs of the “LC” elements. Under 
these conditions, the ratio between the luminance 

. . ..__._.__.._..____ 
0% Noiss 
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FIGURE 6. game as Fig. 4 (AG) but with “CC” elements slightly off their equiluminant point relative to the yellow 
background. Data were obtained at 15 Hz. Solid and open symbols show chromatic motion preferences when the “CC” 
elements are set at negative and positive luminance contrasts relative to the background, respectively. The negative and positive 
luminance contrasts were obtained by adding or subtracting 3 or 1 bins (out of 256) to the equiluminant bit-values of the green 

(+1.6%) or red (f3.3%) guns. 

contrasts in the “LC” and “CC” elements is very high 
and the overall spatiotemporal oriented energies along 
the LC-LC leftward and rightward paths (see Fig. 3) are 
quite comparable. It is likely that, as a consequence, 
ambiguous luminance-carried motion (i.e. counterphase 
modulation) will prevail over directional perception. 

To conclude, artifactual luminance contrasts as small 
as 1.6% (l/256 error in the green gun) or 3.3% (3/256 
in the red gun) may lead to very different conclusions 
related to the similarity principle. Errors of this kind 
may easily occur due both to inaccuracies in the stan- 
dard HFP procedure (minimum flicker ranges of about 
30%~see General Methods) and to the limitations of 
&bits graphic cards. 

EXPERIMENT 2. ADDITIONAL EVIDENCE FOR ‘IWO 
MOTION SYSTEMS AND THEIR RELATJYJZ WFJGHTS 

ASSES!WD WITH THE REVERSEPHI PROCEDURE 

Rather than using the relatively elaborated “Werk- 
hoven” stimulus configuration illustrated in Fig. 3 to test 
the similarity principle, one might have taken advantage 

at the “real” equiluminance point (with respect to the 
yellow background), the human observer should never 
perceive a coherent motion whatever the luminance of 
the “LC” elements. In a left/right response task, observ- 
ers’ performances should be at 50%. If this happens to 
be the case, i.e. implying that luminance and chromatic 
contrasts do not combine to yield motion perception, the 
stimulus configuration shown in Fig. 7 could be used to 

SPACE 

T 
I 

M 
E 

of the simpler configuration illustrated in Fig. 7. Under 
the “similarity hypothesis”, if the “CC” elements are set 

FIGURE 7. schematic spatiotemporal mpresenmtion of the s~ulus 

used in Expt 2 (the reverse phi method). All details are as for Fig. 1. 
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assess equiluminance itself. Indeed, any luminance infor- 
mation added to the “CC” elements should bias observ- 
ers’ performances toward 0 or 100% depending on the 
signs of the LCs of the “CC” and “LC” elements. If the 
two LCs are of the same sign, luminance-carried motion 
should be perceived along the direction of the physical 
displacement of the stimulus (i.e. rightward in Fig. 7) 
and performances should be biased toward 100% “car- 
rect”. If the two LCs are of opposite signs, luminance- 
carried motion should be perceived along the direction 
opposite to the physical displacement of the stimulus 
given the reverse-phi phenomenon (i.e. leftward in 
Fig. 7) and performances should be biased toward 0% 
“correct”. The LC of the “CC” elements yielding exactly 
50% “correct” responses should then be taken as the 
equiluminant point. The similarity principle will be 
verified if this point coincides with the equiluminant 
point assessed by means of HFP. Hereafter, this new 
method of assessing equiluminance will be referred to as 
the reverse-phi (RP) method. 

Three observers, those from the previous experiments 
and a third naive observer (SJ), were used in this 
experiment. The LC of the “LC” elements was fixed at 
+5% or -5%. The luminance of the “CC” elements 
was variable and spanned a range crossing the equilumi- 
nance point as measured by means of HFP. Close to this 
point, the luminance step was the smallest possible on a 
8 bits graphic card (i.e. about 1.6 and 1.1% for the green 
and red phosphors, respectively). Larger steps were used 
for luminances far away from the equiluminant point. 
Left/right responses were measured by means of a 2AFC 
procedure whereby up to five predefined luminances of 
the “CC” elements (out of as many as 10) were randomly 
presented within each session. Directional performances 
were assessed at four temporal frequencies (2.5, 3.75, 7.5 
and 15 Hz) with different duty-cycle ratios. Data are 
presented only for balanced duty-cycles (excepting the 
15 Hz modulation where the ON/OFF duty-cycle ratio 
was l/O). With one exception (see below), performances 
did not depend on the duty-cycle ratio. Chromatic 
contrasts (green- and red-yellow), temporal frequencies 
and the specific luminances of the “CC” elements within 
one session were randomly varied across sessions. Each 
session was repeated at least three times such that each 
datum point presented in Figs 8, 9 and 10 (for AG, SJ 
and CA, respectively) is based on at least 150 trials. In 
these figures percentages “correct” indicate directional 
preferences coinciding with the physical displacement of 
the stimuli, i.e. the CC-LC hetero-path (rightward in 
Fig. 7). Data obtained with “LC” elements of positive 
and negative LCs (f LC,c) are shown as open and 
closed symbols, respectively. Sigmoids are psychometric 
functions fitted by Watson”s (1981) algori@n with both 
M (the “threshold” or “point of subjective equality”, 
PSE, at 50% “correct”) and j? (the slope) as free 
parameters. Performances obtained with green-yellow 
and red-yellow CCs are shown in the lef’t and right 
panels of each figure, respectively. Temporal frequency 
increases from top to bottom. The data display the 
following main characteristics. 

(1) As a general observation, we note the trend of the 
psychometric functions obtained with positive and nega- 
tive “LC” elements to intersect precisely at (or very close 
to) the 50% “correct” point for high temporal frequen- 
cies (7.5 and 15 Hz) and to progressively spread apart at 
low temporal frequencies (2.5 and 3.75 Hz). This is true 
for the three observers. 

(2) Not only are the PSE obtained at high temporal 
rates (7.5 and 15 Hz) with &- LC ..Lc” practically identical, 
but they are also very close to the equiluminance points 
obtained with the HFP method: differences averaged 
over red-yellow and green-yellow equiluminant points 
are less than 0.6, 2.8 and 3.1% for AG, SJ and CA, 
respectively. At medium to high temporal rates, the RP 
method can thus be used to assess equiluminance. More- 
over, it provides significantly smaller uncertainty lumi- 
nance ranges than the HFP procedure: the psychometric 
functions shown in Figs 8-10 cover the O-100% “cor- 
rect”-responses range for luminance variations of < 5% 
while the minimum flicker uncertainty range with the 
HFP procedure was larger than 24% (see Methods). 

(3) With the exception of the 15 Hz modulation, Figs 
8--10 display only data obtained with balanced temporal 
duty--cycles (l/l, 2/2 and 313 for 7.5, 3.75 and 2.5 Hz 
modulations). With one exception (see below), other 
duty- cycles provided practically identical results. 

(4) Within the studied luminance range, the RP 
method cannot provide PSEs for the 2.5 Hz and, in a 
few cases (see Figs 8 and 9), for the 3.75 Hz modulations: 
the luminance reverse-phi direction cannot override the 
hetero-path even for luminance contrasts as high as 40% 
(i.e. the fixed 5% LCLc added to about 35% LC..,.,... . 
computed in reference to the equiluminant point 
measured at 15 Hz). The consistent choice (frequently 
close to 100%) of the hetero-path at 2.5 Hz is direct 
evidence that chromatic and luminance information do 
combine at low temporal rates corroborating the results 
obtained with the “Werkhoven” stimulus (Expt 1). For 
this slow modulation rate, the same pattern of results 
was obtained for the three observers when tested with an 
ON/OFF duty-cycle of l/S. The situation was different, 
however, for a 6/O dutycycle. For AG and CA (but not 
for SJ) the measured psychometric functions did cross 
the 50% point allowing for performances close to 0% 
(i.e. reverse-phi wins), although the crossing point was 
significantly displaced away from the equiluminant point 
assessed at I5 Hz (see below). This dutycycle effect 
must be related to the spectral composition of the stimuli 
in the time domain differentially activating first- and 
second-order mechanisms (e.g. Georgeson & Harris, 
1990; Nishida & Sato, 1992b). 

Observations (2) and (4) have two strong implications. 
First, they indicate that the hypothetical mechanism 
which integrates chromatic and achromatic information 
along the heterogenous path does not display a (lumi- 
nance) reverse-phi behaviour, or if it does, this type of 
response must be very weak (see Expt 3). Presumably, at 
this processing stage, positive and negative luminance 
contrasts are rectified before being integrated. A mech- 
anism of this kind has already been suggested by a 
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number of authors and was referred to as a “contrast question still remains whether the classical “luminance, 
(or second-order) motion mechanism” (Chubb & first-order motion mechanism” (i.e. a mechanism with a 
Sperling, 1988, 1989; Derrington & Badcock, 1985; linear behaviour before the multiplication, or energy 
Derrington, Badcock & Holroyd, 1992; Nishida & Sato, extraction stage, and displaying therefore a reverse-phi 
1992a, b; Werkhoven et al., 1990a, 1993). Second, the behaviour) is active at all within this temporal frequency 
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FIGURE 8. Percentages “correct” obtained with the stimulus illustrated in Fig. 7 as a function of the luminance contrast of 
the “CC” elements and with temporal frequency (increasing from top to bottom) as a parameter. Left and right panels show 
measurements with green and red “CC” elements, respectively. Open (dashed lines) and solid (continuous lines) symbols refer 
to data obtained with positive (+ 5%) and negative (- 5%) luminance contrasts of the “Lc” (yellow) elements. Percentages 
higher than 50% indicate preferences for the direction coinciding with the actual displacement of the stimulus. Percentages 
lower than 50% indicate preferences for the direction opposite to the actual displacement of the stimulus. The latter are 
accounted for in terms of luminance-based reverse-phi. Sigmoids are psychometric functions fitted to the data (only at 7.5 and 
15 Hz; at 3.75 Hz only for red “CC” and negative “ LC” elements). Arrows show the equiluminant point. Observer is AG. 
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FIGURE 9. As for Fig. 8 but for observer SJ. Psychometric functions could be fitted for the highest three temporal frequencies 
with the exception of the red-yellow stimulus at 3.75 Hz and negative “LC” elements. This observer was not run with negative 

“LC” elements at 2.5 Hz. 

range. If it is, how come that even for very large, range, the output of the “fast” first-order luminance 

opposite-sign luminance contrasts its output cannot mechanism is substantially weaker than the output of the 
override the response of the “contrast motion mechan- “slow” (contrast or second-order) mechanism. Along 

ism”? While the literature provides a clearly positive this line of reasoning, it is interesting to note that at these 

answer to the first question, the answer to the second is low temporal rates the three observers reported the 

still a matter of debate. The present results together with presence of two motions of opposite directions which 

previous studies (see the Discussion in Derrington er al., they perceived in transparency. While they chose the 

1992) suggest that, within the low temporal frequency perceptually dominant direction which happened to 
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coincide in most of the cases with the hetero-path, the 
existence of an opposite motion suggests the activation 
of a second mechanism presumably displaying the re- 
verse-phi phenomenon. 

We interpret the general trend of the data displayed in 
Figs 8-10 [observation (1)] as follows. Given observation 
(2) and the rationale of the RP method, the data 
obtained at 7.5 and 15 Hz imply that colour and lumi- 
nance information do not combine (i.e. are not inte- 
grated) to yield motion perception. However, these 
informations appear to be combined at the lowest (2.5 
and 3.75 Hz) modulation rates. As the energy along the 
heterogeneous path increases, the energy along the re- 
verse-phi path should increase correspondingly in order 
to counterbalance it. Within a covariance metric, the 
reverse-phi related energy is proportional to the absolute 
product of the fixed LCLV (i.e. + or -5%) and the 
variable, opposite sign LCc-. When LCLV > 0, an 
absolute increase of this product requires a decrease of 
the luminance of the “CC” elements, L..,,.,, i.e. an 

increase of ) - L&-c 1. It follows that the displacement 
(-A) of the PSE point obtained with positive “LC” 
elements (open symbols in Figs 8-10) toward lower 
luminances (L..,.,) as temporal frequency decreases may 
be taken as direct evidence of the progressive increase in 
the “strength” of the hetero-motion. The same argument 
accounts for the progressive increase (+ A) of the lumi- 
nance threshold obtained with negative “LC” elements. 
Thus, PSEs obtained at low temporal rates with positive 
and negative “LC” should be symmetrical about the 
“real” equiluminance point (EqL) and the luminance 
contrast between the PSE and the “real” equiluminant 
point (kA/EqL) should measure the strength of the 
hetero-motion given the specific stimulus used. 

Figure 11 displays these IA/EqLI ratios (circles) 
averaged across observers, chromatic contrasts (i.e. 
red-yellow and green-yellow), duty-cycles and f LC..,o, 
as a function of the temporal modulation rate. Con- 
ditions where the A/EqL ratio could not be measured, 
i.e. where performances did not drop below 50%, were 
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FIGURE 10. As for Fig. 8 but for observer CA. This observer was not run at 3.75 Hz. 
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FIGURE 11. Estimated (circles) and predicted (continuous curve) LC..Lr. required by the “fast” mechanism to yield a reversal 
of the perceived direction as a function of temporal frequency. Estimated LC..,,. is computed as the absolute difference between 
the luminances yielding 50% performances (with positive and negative “LC”s) in Figs 8-10 and the “real” equiluminance points 
normalized by the latter (i.e. AiEqL ratios). Each estimate (circle) is the average across observers, chromatic contrasts 
(green-yellow and red-yellow), positive and negative “LC”s and duty-cycles. Vertical bars are standard errors of these means. 
Given that A/EqL ratios could not always be measured for the two lower temporal frequencies, the corresponding estimates 
might have been underestimated. The empty arrows indicate this possibility. Predictions (continuous curve) are from equations 

(3) and (3’). See text for details. 

arbitrarily given a value of 100% contrast.* Obviously, 
this is a cavalier procedure which might have been 
avoided by extending the studied LC.,... range to 
&- 100%. Figure 11 also displays the predicted A/EqL 
ratios (continuous curve) based on a simple model 
described below. 

The relative strength of the hetero-motion as a func- 
tion of temporal frequency can be easily accounted for 
if one postulates the existence of a “slow” and a “fast” 
motion mechanism with overlapping temporal frequency 
(TF) bandwidths as illustrated in Fig. 12. The “slow” 
and “fast” mechanisms have sensitivities S, =.f(TF) and 

*In fact, the A/EqL ratios under these conditions should have been 
assigned an infinite value. Since A/EqL ratios measured for a given 
temporal frequency could vary across observers, chromatic con- 
trasts, duty-cycles and + LC..,,. such a procedure would have 
prevented their averaging across these factors. 

fIf one applies the same logic to the stimulus used in Expt I to assess 
EqLC (see Fig. I), the responses of the “slow” and “fast” 
mechanisms at SO% chromatic motion preferences are given by 

7 3 
R, = .Ss(IEqLC,I- - (Lr&..(-) (i) 

R, = S,(EqLC+ - LC& ) (ii) 

with EqLC, and EqLC, standing for the equivalent luminance 
contrasts of the “slow” and “fast” mechanisms which, given the 
results of Expt 1, are probably unequal (see also the Discussion). 
It then follows from equations (i) and (ii) that the measured EqLC 
is given by 

EqLC = [(SsEqLC: + SFEqLC:)/(Ss + SF)PT. (iii) 

EqLCs or EqLC, can be derived from equation (2) only if they are 
equal or if Ss or S, = 0. In equations (I-3’). only the “slow” 
mechanism uses the chromatic information. Moreover, at 2.5 Hz SF 
is virtually zero. Thus at this temporal rate, EqLC z EqLC,, which 
is the value used in our computations. At any rate, an incorrect 
choice of E$LC in equations (3) and (3’) will entail only a vertical 
shift of the LCcr function of temporal frequency. 

SF =g(TF). Posing that both mechanisms respect a 

covariance metric, with the former being sign insensitive 
(i.e. full-wave rectification) and indifferently summing 
chromatic and achromatic information, their activities, 
R, and R,, will be given by: 

R, = S,(lCCl + I LC..,, I) x ILC..,c. I (1) 

R, = SF x LC..,, x LC..,,.. (2) 

where CC should be measured in equivalent luminance 
conrrasr units (see Expt l)i. The PSE points in Figs 8-10 
are obtained when Rs and R, are equal and of opposite 
signs. Since Rs is by necessity positive (i.e. rightward 
motion in Fig. 7), R, must be negative (i.e. reverse-phi). 
This requires that L&... and LCLc be of opposite 
signs. It then follows from equations (I) and (2) that. at 
50% “correct” 

LCcc.. = + A/EqL = S, x CC/(& - S,) 

with SF > Ss (for LC..,c- < 0) 

LCcc.. = - A/EqL = - S, x CC/(& - .S,) 

with S, > S, (for LCLc:.. > 0). 

The continuous, heavy curves in Figs I I and 12 
LCcc values computed by means of equations (3) 

(31 

(3’) 

are 
and 

(3’) with the arbitrary sensitivities profiles shown in 
Fig. 12. The only constraints needed to provide qualirat - 
ive agreement with the data are that the &(TF) and 
S,(TF) functions [Gaussians on a log(FT) scale] intersect 
at temporal frequencies where PSEs could not be 
measured (i.e. +A/EqL = m; around 2.5 Hz) and that Ss 
be virtually zero at temporal frequencies where 
kA/EqL = 0 (i.e. around 7.5 Hz). Obviously. better 
agreement with the data (Fig. 11) could be obtained by 
adjusting the 0 of the Gaussians in Fig. 12. Given the 
uncertainty in the measured A/EqL ratios themselves 
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FIGURE 12. Arbitrary, Gaussian (on a log abscissa) sensitivity profiles of the “slow” and “fast” mechanisms as a function 
of temporal frequency (left ordinate) and the predicted LC..,, (A&L ratios) required by the “fast” mechanism to yield a 
reversal of the perceived direction (curve pointed by the arrow, computed as shown in the insert; right ordinate). See text for 

details. 

(see above), we did not give priority to this enterprise. 
In fact parabolic (also on a log(FT) scale) S,(TF) and 
Ss(TF) functions provide equally good qualitative agree- 
ment with the data. Further research should provide 
more accurate characteri~tions of these functions. 

The representation of the “slow” and “fast” motion 
mechanisms displayed in Fig. 12 is clearly reminiscent of 
the one offered a while ago by Thompson (1982) and by 

SPACE 

T 
I 

M 
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8 

STEP 1 

STEP 2 

STEP 3 

RP El dim. 

FIGURE 13. A three step transformation of the “minimum motion” 
stimulus of An&s and Cavanagh (1983) and the stimulus shown in 

Fig, 7. 

Murray, MacCana and Kulikowski (1983) in quite 
different experimental contexts. It is not clear, however, 
whether the two motion systems revealed by the present 
and previous data necessarily coincide. In fact, the idea 
of a dichotomy within the motion system has been 
entertained for many years under different labellings 
such as transient-sustained, fast-slow, short-long-range, 
magno-parvo, etc. The common denominator of these 
descriptions is the ass~ption that the two motion 
systems are parallel and that their respective outputs 
originate at processing stages of the same hierarchical 
order (e.g. first-order mechanisms). The data presented 
here argue however in favour of two ~erarchica~y 
ordered stages of motion processing of the type already 
proposed by Cavanagb et al. within similar experimental 
contexts (Cavanagh et al., 1989; Cavanagh & Mather, 
1989) and by many others within different experimental 
contexts (Chubb & Sperling, 1988, 1989; Derrington & 
Badcock, 1985; Derrington et al., 1992; Nishida & Sato, 
1992a, b; Ogata & Sato, 1992; Werkhoven et al., 199Oa, 
1992a, b, 1993; Wilson, 1992, etc.). Future work will 
decide whether this dichotomy is or is not best described 
in terms of the specific metrics (similarity, covariance) 
applicable to each mechanism (see related info~ation in 
the last section of this study). Taken together, Expts 1 and 
2 point to the existence of a unique “slow” system and 
of two, a chromatic and an achromatic, “fast” systems. 

Before concluding this section, however, we believe it 
worthwhile to compare the RP method presented here 
with the “minimum motion” (MM) technique of Anstis 
and Cavanagh (1983). Figure 13 displays the original 
MM stimulus (top) and the transfo~tions required to 
obtain the RP stimulus used in the present study (bot- 
tom). These transformations are as follows. Step 1: 
Change Green (or Red) elements (with an arbitrary 
Luminance = L,) to Yellow (with the same arbitrary 
L = L,). Such a stimulus configuration has actually been 
used in the original Anstis and Cavanagh study). Step 2: 
Change spatial duty-cycle from l/l to l/3, while keeping 
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spatial frequency constant. Step 3: Set the “new” Yellow 
(ex-Green) and “Y +” at the same l~inan~, &,. It is 
obvious that the two stimuli are intimately related. They 
will both yield minimum motion whenever L, = L,, for 
the MM stimulus, and when L, = Ly, for the RP 

stimulus. As far as it stands, the critical difference 
between the two stimuli relates to the a priori impossi- 
bility for the MM technique to set the “G” and “Y +” 
elements at equiluminance, such as to i&ate a pure 
reverse-phi component. The MM stimulus will provide 
a unique EqL point for any condition where 
L, < > Ly+, which can be taken as an advantage, but 
it will not be able to isolate the contribution of the 
“slow” mechanism unless LG = L,. As a final remark, 
one may note that the psychometric functions presented 
in the original “MM paper” (1983) have slopes about 
half of those obtained here with the RP technique. While 
this difference may be related to the different spatial 
duty-cycles used in the two cases, it is more likely that 
it is related to the lower mean luminances used in the 
original MM study (a factor of two lower than here). 

EXPERIMENT 3. CHIROMATIC AND LATCH 
~~~SEP~ MOTION 

By the nature of the stimuli, the “fast” mechanism 
described in the previous experiment was a luminance 
mechanism. It is a sign sensitive mechanism behaving in 
accord with the similarity and covariance principles. 
Combining (i.e. m~tipl~ng) opposite polarity lumi- 
nance information accounts for the reverse-phi phenom- 
enon (Anstis, 1980; Adelson BE Bergen, 1985; Chubb & 
Sperling, 1988). Our question here bears on the existence 
of such a mechanism in the chromatic domain and on 
its temporal frequency characterization relative to the 
luminance mechanism. By analogy with a luminance 
Reichardt-detector, a sign sensitive, chromatic mechan- 
ism should process inputs from chromatic double- 
opponent units (see for a review Lennie & D’Zmura, 
1988). While the existence of such units has been recently 
questioned (Lennie, Rrauskopf & Sclar, 1990), they 
appear to be quite useful in modelling texture discrimi- 
nation with chromatic stimuli (Gorea (a Papathomas, 
1993). Moreover, reverse-phi with equiluminant chro- 
matic stimuli has already been observed (Sato, 1988). 

Figure 14 illustrates the stimuli used here to compare 
chromatic- and l~inan~-used reverse-phi phenom- 
ena. The chromatic stimulus consists of red (CC,) bars 
on a yellow background which, when shifted from one 
frame to the next by one-quarter of a spatial cycle, 
become green (CC,; i.e. of reversed chromatic polarity 
with respect to the yellow background), and so forth. 
Red and green bars are ~uil~inant. In the luminan~ 
stimulus, the red and green bars are replaced by dark 
(LC-) and bright (LC+) yellow bars. The luminance 
contrast between the dark and bright bars was set at 
10% which is close to the equivalent luminance contrast 
of the red-green modulation as measured at 15 Hz (see 
Expt 1). 

SPACE 

CHROMATIC 

REVERSE-PHI STIMULUS 

FIGURE 14. Schematic spatiotemporal representation of a chromatic 
(left panel) and luminance (right panel) “reverse-phi stimulus”. Other 

details are as for Fig. I. 

Experiments were run at three drift rates (2.5, 7.5 and 
15 Hz) and at three luminance-noise levels (0, 5 and 
IO%--see Expt 1). The equiluminant points were set 
according to the measurements of Expt 2 at 15 Hz. At 
2.5 and 7.5 Hz, data are presented only for balanced 
duty-cycle ratios (i.e. 3/3 and l/l, respectively) but other 
duty-cycles provided similar results. As in the previous 
experiments left/right performances were measured with 
temporal frequencies, noise-levels and stimulus type 
(colour and luminance) randomized across sessions. 
Each datum point is based on at least 300, but more 
frequently on 700 trials. Only the first author served as 
an observer. 

Percentages “correct” (i.e. coinciding with the physi- 
cal displacement of the stimulus) are shown in Fig. 15. 
Performances below 50% iaaicate revera+phi percep- 
tion. The data display the following wristics. 

Chromatic reverse-phi (left panel in Fig. 15) 

With the pure chromatic stimuli, reverse-phi is ob- 
served only at 7.5 Hz. Reverse-phi is replaced by 100% 
direct-phi at 2.5 Hz and by chance respomres (ie. close 
to 50%) at 15 Hz. The luminance noise haa practically 
no effect in the direct-phi range and only a moderate 
effect at 15 Hz, while it strongly pghlrbs the reverse-phi 
responses obtained at 7.5 Hz. Taken together, these data 
suggest the existence of two distinct chromatic motion 
mechanisms, a “slow” one, insensitive to the sign of the 
chromatic contrast (i.e. green-yellow vs red-yellow) and 
little perturbed by luminance noise and a “fast” one, 
operating optimally at medium temporal frequencies, 
sign sensitive (i.e. displaying rev-phi) and strongly 
perturbed by luminance noise. At the highest temporal 
rate studied (15 Hz), the “fast” chromatic-motion mech- 
anism appears to be still active although its output is 
considerably attenuated (36% “correct”) and virtually 
null (i.e. 50% “correct”) under 10% lminance noise 
conditions. The data cannot reveal whether the chro- 
matic-luminance interactions are genuinely different in 
the two mechanisms or artifactually due to a ceiling 
effect at the lowest modulation rate where performances 
are practically at 100%. As a consequence. the data 
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cannot reveal either whether the “slow” chromatic 
mechanism is a purely chromatic or whether it also 
responds to luminance isolation. If this “slow” mech- 
anism is a subset of the c‘slow” mechanism revealed in 
the previous experiment, then the latter alternative 
should be true. 

With the pure luminance stimuli, reverse-phi is ob- 
served in all experimental conditions but one, i.e. at 
2.5 Hz and 10% luminance noise where direct-phi is 
observed, The data indicate that a “first-order”, sign 
sensitive, luminance-motion mechanism is active over 
the whole temporal frequency range studied and that, as 
expected, its response is highly sensitive to luminance 
noise. The data also suggest that the output of this 
mechanism is significantly weaker at 2.5 Hz where an 
increase in luminance noise from 0 to 10% switches 
motion perception from a reverse-phi to a direct-phi 
mode. This latter observation nicely corroborates the 
data obtained in Expt 2 since it accounts for the fact that 
the luminance reverse-phi path could not take over the 
LC-CC hetero-path at these low temporal rates (see top, 
panels in Figs g-10). It also indicates the existence of a 
sign insensitive (second-order), luminance-motion mech- 
anism operating at low temporal rates, only moderately 
(or not at all) perturbed by luminance noise and whose 
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response appears to be masked by the “first-order” 
mechanism under 0% noise conditions and unmasked 
when the response of this “first-order” mechanism is 
perturbed under 10% noise conditions. Along the same 
argument as for the chromatic reverse-phi data, it is 
quite likely that this “slow”, sign-insensitive motion 
mechanism is not luminance specific but that it responds 
to any type of m~ulation, whatsoever, i.e. that it does 
not respect the similarity principle. 

Taken together, the chromatic and luminance data 
corroborate the distinction between “slow” and “fast” 
mechanisms made in the first two experiments of this 
study. They clearly suggest that the “fast” mechanism 
consists of two distinct subsets, namely a pure chromatic 
and a pure luminance, sign sensitive (first-order) mech- 
anism whose behaviours are in accord with both the 
similarity and the covariance principles. The two “fast” 
mechanisms appear to differ in their temporal tuning 
characteristics, with the luminance mechanism respond- 
ing to higher temporal rates than the chromatic mechan- 
ism. These reverse-phi data cannot be used by themselves 
to specify whether or not the “slow” mechanism also 
reunites a pure chromatic and a pure luminance mechan- 
ism, but Expts I and 2 speak in favour of a unique 
“slow” mechanism which infringes the similarity prin- 
ciple since it can indifferently combine luminance and 
chromatic information. 

10( 
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6a 

+- 0% Nolre 

7.5 15 

Temporal Frequency (Hz) 

FIGURE 15. Percentages “correct” obtained with the stimuli illustrated in Fig. 14 as a function of temporal frequency. Data 
obtained with pure &our and pure luminance stimuli are shown in the left and right panels, respectively. Conditions with 
0, 5 and 10% luminance-noise are shown as circles, squares and triangles, respectively. Percentages lower than 50% indicate 

preferences for the direction opposite to the actual displacement of the stimulus, i.e. reverse-p& Observer is AG. 
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DISCUSSION 

The first two experiments of this study presented 
convincing evidence that the human motion system 
operates in two distinct modes, one of which infringes 
the similarity principle (as defined in the Introduction) 
and is optimally active at low temporal rates (the “slow” 
system) and another one which behaves in accord with 
the similarity principle and prefers medium to high 
temporal rates (the “fast” system). Experiment 3 pro- 
vided additional evidence supporting this dichotomy and 
demonstrated that the “slow” (unlike the “fast”) system 
does not display a reverse-phi ~ha~our which is an 
indication that its input signal is fully rectified before 
direction computation proper. The data of Expt 3 also 
support the idea that the “fast” system is in fact the 
union of two distinct, chromatic and achromatic “fast” 
systems with the latter being significantly “faster” than 
the former. In contrast, the present experiments taken 
together suggest that the “slow” system is unique and 
fairly low-level. The distinction between the two systems 
is also supported by the observation that the equivalent 
luminance corttrast of our red-green stimuli strongly 
depends on their temporal modulation rates (see Equiv- 
alent Luminance Contrast subsection of Expt 1 and 
Anstis & Cavanagh, 1983). At low modulation rates, 
EqLC is practically identical with the estimated cone 
contrast of the stimuli, the implication of which is that 
chromatic and luminance information yield equal 
efficiencies for the “slow” system. On the other hand, the 
“fast” chromatic system is substantially less efficient (a 
factor of two or more) than the “fast” luminance system 
insofaras directionality is concerned (see, however, 
Agonie & Gorea, 1993). 

The present results support the rationale of Gorea et 
al.‘s studies (see the rntr~u~tion) based on the similarity 
principle as well as their distinction between a chromatic 
and an achromatic motion system (see also Cavanagh & 
Anstis, 1991) since their experiments were performed 
with temporal modulations within the range of the 
“fast” system (67.5 Hz). This distinction between two 
“fast” systems does not preclude the possibility that, 
after the inde~ndent extraction of spatiotem~ral ori- 
ented energy in the chromatic and luminance pathways, 
the two types of information combine at a later process- 
ing stage. In fact, this stand, originally proposed by 
Cavanagh and Favreau (1985) has received since then 
conclusive support (Gorea & Papathomas, 1989; Gorea, 
Lorenceau, Bagot dz Papathomas, 1993; Papathomas 
et al., 1991). 

One may challenge the notion that a motion mechan- 
ism that combines colour and luminance information 
necessarily infringes the similarity principle. According 
to the definition given in the Introduction, this would be 
the case if the motion detector were fed from the very 
beginning by subunits responding to both chromatic and 
luminance modulations. Given the separate processing 
of the two types of information in early vision, this is 
quite unlikely an h~othesis. Moreover, the neurophys- 
iology offers no evidence that units responding to both 

chromatic and achromatic modulations are more low- 
pass in the temporal (or spatial) domain than pure 
chromatic and pure achromatic units. Despite these 
circumstantial arguments, one may still find difficult to 
decide whether a system respects or infringes the simi- 
larity metric as defined. We therefore propose an altema- 
tive distinction in terms of specific (“fast”) and unspecific 
(“slow”) motion systems. 

While the literature provides reasonable evidence that 
the “fast”/specific system(s) can be modelled in terms of 
a covariance metric (e.g. Adelson & Bergen, 1985; Van 
Santen & Sperling, 1985; Watson & Ahumada, 1985; 
Chubb Br Sperling, 1988; Werkhoven et al., 1993), much 
less is known in this respect about the behaviour of the 
“slow”/unspecific system. Recent data by Werkhoven et 
al. (1993) argue in favour of the covariance metric 
insofaras it concerns the combination of different spatial 
frequency patches along a hetero-motion path. The data 
of Expt 1 do not contradict the possibility that the 
covariance metric also applies across (colour and lumi- 
nance) “domains”. Under the hypothesis of a strict 
covariance metric, one might have expected that the 
heterogeneous motion (in the “Werkhoven” stimulus- 
see Fig. 3) would take over the homogeneous motion 
anytime that the covariance product along the hetero- 
path (chromatic and achromatic information con- 
founded, i.e. within the “slow” mechanism) out-weighs 
the covariance product along the homo-path (i.e. the 
sum of the covariance products within both the “slow” 
and “fast” systems). At the lowest temporal rates used 

in this study (i.e. 2.5 Hz) the heterogeneous motion does 
indeed take over the homogeneous motion but for 
covariance products larger than expected, i.e. for lumi- 
nance contrasts about twice the estimated equivalent 
luminance contrast of the chromatic modulation (see top 
panels in Figs 4 and 5). It is easy to argue that the 
additional contrast required to reverse the perceived 
direction in favour of the hetero-path is equivalent to the 
additional contribution of the “fast” mechanism which 
is still active in this temporal frequency range. While 
additional studies are required to firmly assess the 
validity of a covariance metric across “domains”. the 
data of Expt 2 (Figs 8-10) and their qualitative agree- 
ment with the simple model we proposed [together with 
Werkhoven et al.% (1993) study] provide a convincing 
clue in favour of this hypothesis. Indeed, the reverse phi 
method we proposed for assessing equiluminance in this 
experiment could also be used to estimate the relative 
strength of the “slow” and “fast” systems as a function 
of temporal frequency and to predict, at least qualitat- 
ively, the additional luminance contrast required to 
switch the dominant direction from the hetero- to the 
homo-path. This method, in conjunction with a more 
elaborated model should enable one to accurately 
characterize the temporal (and spatial) characteristics of 
the two motion systems. We note, as a conclusion, that 
the general behaviour of the “slow”iunspecific system is 
well suited to account for the spatiotemporal combi- 
nation of potentially any type of visual information (see 
Cavanagh et al., 1989) and deserves in that sense the 
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generic name of a high-order motion system (Cavanagh Chubb, C. & Sperling, G. (1989). Apparent motion derived from 

& Mather, 1990). 
spatial texture. Investigative Ophthalmology and Visual Science 

As a final remark, we draw attention to the fact that 
~Supp~.), 30, 425. 

the “slow’‘-“fast” terminology adopted here might be 
Cole, G. R. & Hine, T. (1992). Computation of cone contrasts for color 

vision research. Behavior Research Metho&, Instruments and Com- 

misleading since it makes direct reference to the notion puters, 24, 22-27. 

of speed. While the present experiments did manipulate Derrington, A. M. & Badcock, D. R. (1985). Separate detectors for 

stimulus speed, they provide no information as to the simple and complex grating patterns? Vision Research, 25, 

behaviour of the two systems with regard to spatial 
1869-1878. 

frequency. Experiments in progress suggest that the 
Derrington, A. M., Badcock, D. R. & Holroyd, S. A. (1992). Analysis 

of motion of 2-dimensional patterns: Evidence for a second-order 

“siow”, as opposed to the “fast” system is optimally process. Vision Research, 32, 699-707. 

activated within the low temporal and spatial frequency Gorea, A. & Papathomas, T. V. (l987). Form and surface attributes 

range. If this finding were to be confirmed, the two in motion perception studied with a new class of stimuli: A basic 

systems could not be discriminated on the basis of their 
asymmetry. A T&T Bell Laboratories Technical Memorandum, 

speed preferences. 
11233-870921-2TM, N.J.: Murray Hill. 

Gorea, A. & Papathomas, T. V. (1989). Motion processing by chro- 
matic and achromatic pathways. Journal of the Optical Society of 

CONCLUSION 
America, A, 6, 590-602. 

Gorea, A. & Papathomas, T. V. (1993). “Double-opponency” as a 

(1) There are two visual motion systems, a 
generalized concept in texture segregation illustrated with color, 

“slow”/unspecific and a “fast”/specific one. 
luminance and orientation defined stimuli. Journal of the Opticai 
Society of America A. In press. 

(2) The “slow”/unspecific system is unique: it com- Gorea, A., Kovacs, I. & Papathomas, T. V. (1992). Against a 

bines all sources of information (within “domains” covariance metric for motion perception: Chromatic and luminance 

across channels as well as across “domains”) and, in that info~ation do not combine. Technical Digest, Optimal Society of 

sense, does not respect the similarity principle. The 
America, Annual Meeting, 215. 

“slow”/unspecific system is sign-insensitive and, to a first 
Gorea, A., Lorenceau, J., Bagot, J. D. & Papathomas, T. V. (1993). 

Sensitivity to colour- and orientation-carried motion respectively 
approximation, behaves in accord with a covariance improves and deteriorates under equiiuminant background con- 

metric. ditions. Spatial Vision. 6, 285-302. 

(3) There are at least two “fast”/specific systems, a Green, M. (1986). What determines correspondence strength in appar- 

chromatic and an achromatic one. (Within each of these 
ent motion. Vision Research, 26, 599407. 

two “domains” there are probably as many “fast”/ 
Green, M. & Odom, J. V. (1986). Correspondence matching in 

aooarent motion: Evidence for thr~dimensional soatial reoresen- 
specific systems as discriminable visuai dimensions.) The &on. Science, 233, 1427-1429. 

achromatic system is “faster” than the chromatic system. Lennie, P. & D’Zmura, M. (1988). Mechanisms of color vision. CRC 

Both behave in accord with the similarity and covariance Critical Reviews in Neurobiology, 3, 333400. 

principles. 
Lennie, P., Krauskopf, J. & Sclar, G. (1990). Chromatic mechanisms 

in striate cortex of macaque. Journal of neuroscience, i@, 649-669. 
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