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1. Introduction

Our visual world is vastly reduced at night,
when perception is mediated by the rod or scotopic
visual system. Compared with the cone-mediated or
photopic visual system, its spatial and temporal res-
olution is relatively poor, contrast sensitivity is
diminished, and color vision is totally in abeyance.
Of course, aided by artificial lighting, the disadvan-
tages of rod-mediated vision can largely be avoided.
Most tasks can be performed as well by night as by
day. But there are important exceptions. While
steering a car, plane, or ship at night we do not
exclusively rely on cone-mediated vision. Rather,
we depend to a large degree on our rod vision, and
usually have to cope with rapid changes between
rod and cone vision. This is especially true for judg-
ing distances and for estimating the directions and
speeds of moving objects. Surprisingly, however,
very little information is available about the percep-
tion of motion under scotopic conditions. Although
other aspects of rod vision have been studied in
great detail, including spectral, contrast and incre-
mental sensitivity (for an overview, see Hess,
Sharpe & Nordby, 1990), only a couple of recent
studies (Takeuchi & DeValois, 1997; Gegenfurtner,
Mayser & Sharpe, 1999; Grossman & Blake, 1999)
have treated motion perception.

What is known about dynamic vision under
scotopic conditions mostly pertains to flicker fusion
and not to motion perceptionper se. For instance,
the critical flicker fusion frequency of rod-mediated
vision is significantly lower (28 Hz) than that for
cone-mediated (50 Hz) vision (Conner & MacLeod,
1977; Hess & Nordby, 1986; Snowden, Hess &
Waugh, 1995). Such flicker phenomena are proba-
bly determined by peripheral factors - mainly the
rods themselves - whereas selectivity for direction
of motion and speed arises in the visual cortex in
primates (Zeki, 1974; Albright, 1984; Felleman &
Van Essen, 1991). Granted, a reduced peripheral
temporal resolution will have direct consequences
for central motion perception. For example, very
fast moving objects will simply be invisible,
because they fall outside the window of visibility of
the rod system (Watson, Ahumada & Farrell, 1986).
But, less obvious effects are also of interest. Do cen-
tral factors, in particular the way in which rod sig-
nals are processed in the visual cortex, influence our
motion perception at night under scotopic condi-
tions?

Centrally, at least two mechanisms for motion
perception have been identified in photopic vision
(Anderson & Burr, 1985; Hess & Snowden, 1992;
Gegenfurtner & Hawken, 1996a). They differ
mostly in their temporal frequency preferences. The
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Abstract. Although the spatial and temporal properties of rod-mediated vision have been extensively
characterized, very little is known about scotopic motion perception. To provide such information,
we determined thresholds for the detection and identification of the direction of motion of sinusoidal
grating patches moving at speeds from 1 to 32 deg/s, under scotopic light levels, in four different
types of observers: three normals, a rod monochromat (who lacks all cone vision), an S-cone mono-
chromat (who lacks M- and L-cone vision), and four deuteranopes (who lack M-cone vision). The
deuteranopes, whose motion perception does not differ from that of normals, allowed us to measure
rod and L-cone thresholds under silent substitution conditions and to directly compare the perceived
velocity for moving stimuli detected by either rod or cone vision at the same light level. We find, for
rod as for cone vision, that the direction of motion can be reliably identified very near to detection
threshold. In contrast, the perceived velocity of rod-mediated stimuli is reduced by about 20% relative
to cone-mediated stimuli at temporal frequencies below 4 Hz and at all intensity levels investigated
(0.92 to -1.12 log cd m-2). Most likely the difference in velocity perception is distal in origin because
rod and cone signals converge in the retina and further processing of their combined signals in the
visual cortex is presumably identical. To account for the difference, we propose a model of velocity,
in which the greater temporal averaging of rod signals in the retina leads to an attenuation of the
motion signal in the detectors tuned to high velocities.
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fast mechanism has a high sensitivity for luminance
defined stimuli. Its color sensitivity is negligible,
and speed coding is contrast-invariant and highly
precise. The neuronal substrate of this mechanism is
presumably the magnocellular (M-) retino-genic-
ulo-cortical pathway, including extrastriate tempo-
ral area MT, which predominantly receives inputs
from the magnocellular retino-geniculo-cortical
pathway (Maunsell, Nealey & DePriest, 1990). In
contrast, the slow motion mechanism has an
extremely high sensitivity for chromatic inputs, but
the coding of speed is dependent on contrast and
therefore quite impaired. The neuronal substrate of
the slow pathway is probably the infero-temporal
pathway, which receives inputs from both the M-
and parvocellular (P-) retino-geniculo-cortical path-
ways of the LGN (Ferrera, Nealey & Maunsell,
1992).

Do rod signals contribute to both of these
motion systems or only to one of them? Based on
the low temporal frequency preference of rod vision
one might expect a dominance of the slow motion
pathway in scotopic vision. However, contrast gain
and heterochromatic modulation sensitivities in
macaque reveal rod input in both M- and P-system
cells, although it is much more apparent and less
variable in M- than in P-pathway cells (see, e.g.,
Virsu & Lee, 1983; Virsu et al., 1987; Purpura et al.,
1988; Lee et al., 1997). Thus the physiological evi-
dence could be interpreted to mean that the fast
motion pathway dominates in scotopic vision. On
the other hand, psychophysical measurements by
Lennie & Fairchild (1994) indicate that the spatial
resolution of the rod system is clearly above that of
the M-pathway, suggesting that the rods also con-
tribute importantly to the P-system and, presum-
ably, to the slow motion pathway.

Any analysis of the distribution of rod inputs
to motion perception is further complicated by
questions about the correlation between the two
retino-cortical systems and the two retinal pathways
involved in the processing of rod signals. Anatomi-
cal and physiological studies indicate that at least
two pathways are available for the transmission of
rod signals through the mammalian retina: one
through the rod bipolars that predominates at low
intensities, and the other through rod-cone gap junc-
tions and cone bipolars that predominates at higher
intensities (Sterling et al., 1986, Daw et al., 1990;
Kolb & Nelson, 1983; Wässle & Boycott, 1991;
Soucy et al., 1998). Psychophysical and electro-
physiological studies in man support an analogous
rod duality in the human visual system; the clearest
signature of which is a loss of flicker visibility and

a corresponding reduction in electroretinographic
response amplitude at frequencies near 15 Hz and at
intensities near 0 log scotopic trolands caused by
destructive interference between “slow” (low inten-
sity) and “fast” (high intensity) rod signals (Conner
& MacLeod, 1977; Connor, 1982; Sharpe et al.,
1989; Stockman et al., 1991; Sharpe, Fach & Stock-
man, 1993; Sharpe et al., 1994; Stockman et al.,
1995; Sharpe & Stockman, 1999). Are these slow
and fast rod flicker signals correlated with the two
cortical motion systems? Does the rod visual system
at low intensities where only the slow retinal path-
way is functioning have access to the fast cortical
motion system?

Our experiments were devised to address such
questions, while characterizing sensitivity to direc-
tion of motion and to speed at low light levels. To
simplify the interpretation of the data, the experi-
ments were conducted in individuals lacking par-
tially (dichromats and a blue-cone monochromat) or
totally (a rod monochromat) the function of the pho-
topic or cone visual system. The use of dichromats,
in particular, allows us to determine rod and cone
sensitivities at the same light levels in the same indi-
viduals.

Preliminary reports of some of these data have
been presented in Mayser et al. (1998) and in
Gegenfurtner, Mayser & Sharpe (1999).

2. General Methods

2.1Subjects

In total, nine subjects participated in the exper-
iments. Three of the subjects, TE, CF, HM, had nor-
mal or corrected-to-normal visual acuity and nor-
mal color vision. The remaining six subjects had
color vision deficiencies. Subject KN is a typical,
complete achromat or rod-monochromat, for whom
extensive psychophysical and electroretinographic
investigations have established that he has no func-
tioning cone vision (for a review, see Sharpe & Nor-
dby, 1990). Molecular genetic analysis has revealed
that he is homozygous for a mutation -- a C→Τ tran-
sition at nucleotide 887 causing an arginine to tryp-
tophan replacement at codon 283 -- in theCNGA3
gene, which encodes theα-subunit of the cone pho-
toreceptor cGMP-gated cation channel, a key com-
ponent of the phototransduction pathway (Kohl et
al., 1998). Subject PS is an S-cone (or blue-cone)
monochromat, who has only functioning rods and
S-cones. He is known to lack M- and L-cone func-
tion on both psychophysical and molecular genetic
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grounds (see Nathans et al., 1993; Stockman,
Sharpe & Fach, 1999; Sharpe et al., 1999). He has
two X-chromosome opsin genes, but has an
upstream deletion in the region that controls their
expression. The four other subjects, AZ, MM, SH,
GE, are deuteranopes, lacking M-cone function. All
are single-gene dichromats with a solitary L-cone or
5’L-3’M hybrid pigment gene in the opsin gene
array on their X-chromosome, as confirmed by their
Rayleigh matches, their psychophysically measured
spectral sensitivities and by the amino acid
sequences of their single X-linked cone pigment as
deduced from its gene sequences (for details, see
Sharpe et al., 1998; Jägle et al., 1999).

2.2Equipment

The stimuli were displayed on a Sony 560 SE
color CRT monitor that was driven by a Cambridge
Research VSG 2/3 graphics board with a refresh
rate of 120 Hz non-interlaced. The images were
generated on the monitor by reading through the
picture memory in a raster scan and then interpret-
ing the numbers in each location as a color defined
in a 256-element color lookup table. The numbers in
the lookup table had an intensity resolution of 12
bits, and were used, via two combined 8-bit-digital-
to-analog converters, to control the intensity of each
of the three monitor primaries. The luminances of
each of the phosphors were measured at various out-
put voltage levels using a Graseby Optronics Model
370 radiometer with a model 265 photometric filter.
They were subsequently checked and confirmed
with a second photometer (P-9710-1, VL-3701-2,
Gigahertz Optik, Munich). A smooth function was
used to interpolate between the measured points and
lookup tables were generated to linearize the rela-
tionship between voltage output and luminance. We
also made sure that additivity of the three phosphors
held over the range of intensities used in these
experiments (Brainard, 1989). All the displays in
the present experiments had a space-time averaged
luminance of 8.35 cd m-2 (0.92 log cd m-2), corre-
sponding to a retinal illuminance of 2.44 log pho-
topic trolands or 2.83 log scotopic trolands calcu-
lated for a mean pupil diameter of 6.5 mm and a cor-
related color temperature of 6500 K. A Photo
Research PR 650 spectroradiometer was used to
measure the spectra of the red, green and blue phos-
phors at their maximum intensity setting. The spec-
tra were multiplied with the CIE 1931 color match-
ing functions, as revised by Judd (1951; see
Wyszecki & Stiles, 1982, Table 1(5.5.3)), to derive
CIE x, y chromaticity coordinates and the lumi-
nance Y of the phosphors (Irtel, 1992). All further
references to luminance and photometric luminance

refer to the V(λ) curve as modified by Judd (1951).
The primaries of our monitor had x,y,Y coordinates
of 0.613, 0.343, 5.144 (red), 0.283, 0.599, 13.19
(green) and 0.155, 0.067, 1.602 (blue). The monitor
spectra were multiplied with the Smith & Pokorny
(1975) cone fundamentals to calculate absorptions
and contrasts in the L-, M- and S-cones.

2.3Stimuli

The stimuli in all experiments were drifting
one-dimensional 1 cpd sinewave gratings of differ-
ent color, direction, and temporal frequency. All
stimuli were symmetric modulations around a neu-
tral white point (x,y,Y = 0.335, 0.368, 8.35) along
various directions in color space chosen to differen-
tially excite different classes of photoreceptors. For
the experiments with the color normals and the rod
monochromat (KN), stimuli were modulated along
the luminance axis. For blue-cone monochromat
observer PS, two color directions were chosen that
modulated the S-cones and rods, exclusively,
achieving 82% contrast in the rods and 6% contrast
in the S-cones for maximum modulation in the rod
direction, and 76% contrast in the S-cones and 1.2%
in the rods for maximum modulation in the S-cone
direction. For the deuteranopes, two different color
directions were chosen that modulated rods and L-
cones exclusively (without any S-cone modulation).
For them, the highest possible contrasts were 27.5%
L-cone modulation (at 0.29% rod contrast) and
24.7% rod modulation (at 0.08% L-cone contrast).

The stimuli were displayed to the observers in
an otherwise dark room. Viewing was with natural
pupils. In addition to regular viewing, the stimuli
were also presented while the observers were wear-
ing custom-modified skiing goggles equipped with
neutral density filters (Göttingen Farbfilter, Göttin-
gen). The goggles did not restrict the peripheral or
central viewing fields. The filters reduced the light
level by 1.02 (producing a space-time average lumi-
nance of -0.10 log cd m-2), 2.04 (-1.12 log cd m-2),
3.17 (-2.25 log cd m-2) or 4.12 (-3.20 log cd m-2) log
units.

3. Direction discrimination

The discrimination of direction of motion is
one of the most basic requirements for a motion-
detecting mechanism. It has been shown in the past
that observers are able to tell the direction of motion
of sinewave pattern, even when the contrast of the
stimuli is close to detection threshold (Watson,
Thompson, Murphy & Nachmias, 1980; Thompson,
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1983). This indicates that the detection mechanism
involved in this task is also able to signal direction
of motion. Interestingly, this is not always the case.
If stimuli are defined by color, then for slowly mov-
ing stimuli the threshold for detection is signifi-
cantly lower than the threshold for identification of
direction of motion (Lindsey & Teller, 1990; Cavan-
agh & Anstis, 1991; Mullen & Boulton, 1992;
Palmer et al., 1993; Metha et al., 1994; Gegenfurt-
ner & Hawken, 1995; Stromeyer et al., 1995). Chro-
matic signals seem to feed through different mech-
anisms for pattern and motion.

Are rod-detected moving stimuli also pro-
cessed by different mechanisms? To find out, we
performed detection and identification experiments,
analogous to those that have been performed under
photopic conditions, under conditions of scotopic
vision. If rod signals are processed in a manner
identical to cone based luminance signals, then we
would expect equal thresholds for detection and
identification for rod-detected stimuli over the
whole range of temporal frequencies.

3.1 Methods

Methods were as described in the general
Methods section, save for the following details. In
the first series of experiments, we used the method
of constant stimuli to simultaneously measure
detection and identification thresholds. Stimuli
were circular patches of sinewave gratings moving
at different temporal frequencies between 0.5 Hz
and 32 Hz. The aperture window had a diameter of
2 deg and was presented at a retinal eccentricity of
4 deg. At the beginning of each trial, a fixation spot
was displayed briefly, followed by the presentation
of the grating, which was drifting within the win-
dow for a duration of 500 msec. The observer had to
make two successive button presses indicating
whether the grating appeared in the right or in the
left half of the monitor (the detection task), and
whether the grating moved to the right or to the left
(the identification task). We fitted a cumulative
Gaussian function to the resulting choice propor-
tions, and the mean of the Gaussian was used as a
threshold estimate. Rod monochromat observer
KN, blue-cone monochromat observer PS, and
color normal observers TE, HM and CF participated
in this experiment.

In the second series of experiments with deu-
teranopic observer AZ, we measured detection and
identification thresholds separately. The stimulus
was a vertically oriented 1 cpd sinewave grating dis-
played in a circular aperture with a diameter of 10
degrees. The grating drifted within the window for

a duration of 1 sec. Its contrast was multiplied by a
Gaussian temporal envelope with a time constant of
250 msec. In the identification task, a fixation spot
was displayed briefly, turned off, and followed by
the presentation of the grating. The observer’s task
was to indicate whether the grating drifted right-
ward or leftward, by pressing either one of two but-
tons. In the detection task, there were two presenta-
tion intervals, each one marked by an audible burst
of noise. In one of the two intervals the drifting grat-
ing was presented; in the other, the uniform gray
background. The observer had to indicate by a but-
ton press which one of the two intervals contained
the grating. An up-down staircase procedure (Lev-
itt, 1971) was used to measure the threshold levels
at which the grating could be detected or its direc-
tion of motion identified in 79% of the trials.

3.2 Results

Figure 1 shows thresholds for detection and
identification for rod monochromat KN. The x-axis
indicates temporal frequency and the y-axis sensi-
tivity as the inverse of contrast at threshold. The
open symbols indicate thresholds for detection, the
filled symbols thresholds for identification. Squares
indicate thresholds without any neutral density fil-
ters (0.92 log cd m-2); triangles, thresholds with a
2.04 log unit neutral density filter (-1.12 log cd m-

2). In accordance with his previous flicker measure-
ments made under similar conditions (Hess et al.,
1986), his temporal contrast sensitivity curve (i.e.
for threshold detection) is bandpass at the higher
light level (0.92 log cd m-2), and becomes lowpass
and shifted towards lower temporal frequencies at
the lower light level (-1.12 log cd m-2).

Generally, thresholds for detection are slightly
lower than thresholds for identification. The average
detection/identification threshold ratio was 1.59 at
0.92 log cd m-2 (t=7.57, p<0.001) and 1.48 at -1.12
log cd m-2 (t=4.687, p<0.001). This seems particu-
larly the case at the lower temporal frequencies. In
both cases, the maximal detection/identification
ratio was reached at the lowest temporal frequency
of 0.5 Hz. These trends were confirmed for two
other types of observer: the blue-cone monochromat
and the color normals.

Figure 2 shows data from blue-cone mono-
chromat observer PS. Detection and identification
thresholds were measured at -1.12 log cd m-2 (trian-
gles) and at -2.25 log cd m-2 (circles). As described
in the Methods section, stimuli for him were chosen
by silent substitution to isolate rod vision. As for
observer rod monochromat KN, thresholds for
detection are slightly lower than thresholds for iden-
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tification. The mean ratio of detection/identification
sensitivities was 1.79 at -1.12 log cd m-2(t=8.905,
p<0.001) and 1.23 at -2.25 log cd m-2 (t=5.779, p <
0.01). Again, the maximal ratios were achieved at
the lowest temporal frequency of 0.5 Hz.

We also performed the experiment with the
three color normal observers, HM, CF and TE. Only
data from TE are shown here. Data from CF and
HM were similar in all aspects. In color normal
observers, rod and cone responses cannot be com-

pletely distinguished. It can only be assumed that
cones dominate at the highest light levels, and rods
become more effective as light level decreases. Fig-
ure 3 shows detection and identification sensitivities
at 0.92 (squares), -1.12 (triangles) and at -3.20 (cir-
cles) log cd m-2. At photopic light levels (squares),
detection and identification sensitivities are quite
close with a mean ratio of 1.16. That ratio increases
slightly to 1.236 (-1.12 log cd m-2) and to 1.313 (-
3.20 log cd m-2). Again, the only pronounced differ-
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cles, those measured at -2.25 log cd
m-2. Otherwise, symbols as in Fig.
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ences between detection and identification occur at
the lowest temporal frequencies.

In all the above experiments, we found small
differences between detection and identification
thresholds. However, the differences seem to exist
not only for the conditions mediated by rods (Figs.
1 and 2), but also to some extent in the conditions
probably mediated by cones (Fig. 3, top curves).
Furthermore, the interpretation of all of the above
results suffers from the problem that the photopic
and scotopic luminance systems were not compared
under identical conditions. For the color normal
observers, there is no way to selectively stimulate
rods and cones in our experiments. We can only
achieve three degrees of freedom on our monitor
display system, whereas normal observers have four
different types of photoreceptors. One can only
assume that vision at low light levels reflects the
activity of the rods, and vision at higher light levels
the activity of the cones. However, even if isolation
for a single photoreceptor type is achieved, the dif-
ference in absolute light level itself will have a pro-
found effect on visual processing speed (see, e.g.,
Stockman et al., 1991, 1995). On the other hand, rod
monochromats allow perfect, selective stimulation
of scotopic vision, but no direct comparison to
cones. For the S-cone monochromat, it is possible to
compare rod with S-cone vision at the same light
level. However, functional magnetic resonance
images from the motion-selective cortex in the same
S-cone monochromat observer suggest that the S-
cone mediated contrast sensitivity is far smaller
than L- and M-cone mediated contrast sensitivity to
luminance signals in the normal observer (Wandell
et al., 1999). Such differences are potentially con-
founding. A solution is to resort to dichromatic
observers, who have rods and intact L- (deuteran-

opes) or M- (protanopes) cones; and, therefore, only
three degrees of freedom owing to the loss of the
other X-chromosome-linked cone photopigment.

Figure 4 shows detection and identification
thresholds for one typical deuteranope (AZ), mea-
sured at four different light levels, for his L-cones
and for his rods. Note that these experiments were
carried out using large, foveally presented targets.
Under these conditions, there are no significant dif-
ferences between detection and identification
thresholds. Interestingly, the rod thresholds for
observer AZ are fairly constant over the whole
range of different light levels, whereas sensitivity
for his L-cones varies by a factor of about 200. At
the lowest light level, -2.25 log cd/m2, L-cone
thresholds could no longer be measured. This makes
it quite likely that the thresholds shown in Fig. 3 for
the normal observer at that and lower light levels are
solely mediated by rod-vision.

3.3 Discussion

None of our observers showed large differ-
ences between detection and identification thresh-
olds for rod vision. However, for most of the observ-
ers (the rod monochromat, the S-cone monochromat
and the normal observers), we found small but sig-
nificant differences at low temporal frequencies,
where thresholds for detection were slightly lower
than thresholds for identification of direction of
motion. Does this discrepancy resemble the differ-
ences that have been reported between detection and
identification for isoluminant stimuli (Lindsey &
Teller, 1990; Cavanagh & Anstis, 1991; Mullen &
Boulton, 1992; Palmer et al., 1993; Metha et al.,
1994; Gegenfurtner & Hawken, 1995; Stromeyer et
al., 1995)? Clearly not; there are qualitative differ-
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indicate thresholds measured at 0.92, -
1.12 and -3.20 log cd m-2, respectively.
Otherwise, symbols as in Fig. 1. The
smaller filled circle at 0.5 Hz indicates
that this threshold was extrapolated
from responses to contrasts lower than
100%.
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ences between chromatically-detected (cone)
motion and rod-detected motion. The threshold
ratios we observed for rod stimuli of about 2.0 for
0.5 Hz stimuli are similar to what is found for foveal
isoluminant stimuli (Derrington & Henning, 1993;
Gegenfurtner & Hawken, 1995), not for peripheral
isoluminant stimuli. Indeed, at the retinal eccentric-
ities used in our experiments, much higher ratios --
between 3 and 10 rather than between 1 and 1.8 --
are typically observed for chromatic motion (Lind-
sey & Teller, 1990; Cavanagh & Anstis, 1991;
Palmer, Mobley & Teller, 1993). The differences
found between rod-detected motion perception and
cone-based luminance motion detection are small in
comparison with those found between cone-based
luminance and chromatic motion detection, and
they are unlikely to influence motion perception
very much. Finally, for large, foveally presented
stimuli, all the differences between detection and
identification thresholds disappear (Fig. 4).

4. Perceived speed

Besides identifying an object’s direction of
motion, a basic component of motion perception is
judging its speed. Recently, it has been shown that,
for a large variety of stimuli, the perception of speed
is far from veridical (Thompson, 1982; Stone &
Thompson, 1992; Hawken, Gegenfurtner & Tang,
1994; Gegenfurtner & Hawken, 1996b). In particu-
lar, at slow temporal frequencies, stimuli defined by
color or flicker appear to move much slower than
luminance-defined stimuli of the same physical
speed. Moreover, for color or flicker defined stimul,
the speed percept is significantly dependent on their
contrast. It is unknown whether similar departures
from veridicality occur for rod motion perception.
We, therefore, decided to determine the relative per-
ceived speed of gratings under scotopic conditions.
In such experiments, it is critically important that
the cones are not stimulated and that only rods
detect the gratings. Otherwise, any residual cone
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Figure 4: Detection (open symbols) and identification (filled symbols) thresholds for deuteranope AZ for
four different space-time averaged luminances: 0.92, -0.10, -1.12 and -2.25 cd m-2. L-cone activating and
rod activating stimuli are indicated by squares and circles, respectively.
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activation will significantly influence the velocity
judgments. This is impossible to achieve in color
normal observers; because in designing silent sub-
stitution experiments, the quantal absorptions in
three separate cone classes and in the rods must be
taken into account. We, therefore, chose once again
to conduct the perceived speed experiments in
dichromatic observers, who are missing one of the
X-chromosome-linked cone photopigments. In
order to achieve the maximal contrast in the rods,
we used deuteranopes who lack functional M-
cones. As described in the general Methods section,
it is possible to devise high contrast stimuli for these
observers which differentially activate L-cones or
rods. It is known that luminance based motion per-
ception of deuteranopes behaves essentially normal
(Cavanagh & Anstis, 1991), and is presumably
driven by the L-cones exclusively. This not only
allowed us to isolate rod stimulation, but it allowed
a direct comparison of the perceived speed of stim-
uli as seen through the rod and the cone visual sys-
tems.

4.1 Methods

Methods were as described in the general
Methods section, with the following exceptions.
The objective of the experiments was to determine
the speed required for observers to make a percep-
tual match between a comparison and a standard
stimulus. On each trial, the observer’s task was to
judge which one of two simultaneously presented
moving 1 c/deg sinewave gratings moved faster.
Each stimulus presentation consisted of two view-
ing windows, 21˚ wide by 7˚ high, juxtaposed verti-
cally. One window contained the standard target
which always had a fixed temporal frequency. The
other window contained the comparison target; the
temporal frequency of which was determined using
a staircase procedure. The central horizontal border
of each window was positioned at 0.5° from the cen-
ter of the screen. In order to avoid systematic bias of
speed judgements by motion after-effects, we ran-
domly assigned the direction (left or right) and the
position (upper or lower window) of the standard.
The two gratings always moved in opposite direc-
tions.

A spatial, two-alternative, forced choice pro-
cedure was used to drive the staircase, which
adjusted the temporal frequency (or speed1) of the
comparison stimulus. Twelve reversals of the stair-

case were obtained for each comparison; resulting
in six threshold estimates (Levitt, 1971). In each
experiment, five comparison stimuli were inter-
leaved, and two separate staircases were run for
each comparison. The contrast of the comparison
stimuli was varied both above and below the con-
trast of the standard, in half octave steps. In each
session, the standard could be a rod-isolating or a L-
cone isolating stimulus, and the comparison stimuli
were all either rod- or L-cone isolating. The stan-
dard L-cone stimulus had a contrast of 10.68%: the
L-cone comparison stimuli had contrasts of 5.33,
8.01, 10.68, 21.36 and 27.5%. The standard rod
stimulus had a contrast of 9.68%; the rod compari-
son stimuli had contrasts of 4.84, 7.26, 9.68, 19.36
and 24.69%. The mean velocity of the comparison
at the match was determined from six experiments,
each representing the mean of six estimates. Thus
each data point consists of a total of 36 estimates.

4.2 Results

Figure 5 shows the results for deuteranope
observer AZ for three different luminance levels:
0.92 (no filter condition), -0.10 (1.02 log unit filter
condition) and -1.12 (2.04 log unit filter condition)
log cd m-2. The temporal frequency was 1 Hz.
Absolute contrast (in % rod contrast, or % L-cone
contrast) is plotted on the x-axis. Relative speed
(standard/comparison) is plotted on the y-axis. The
symbols correspond to conditions in which a rod
(circles) or L-cone (squares) standard stimulus was
used. Filled symbols indicate conditions in which
the standard and comparison stimuli activated the
same class of photoreceptor (i.e., either rods or
cones); open symbols, conditions in which they
activated different ones.

Under all conditions, a small, but significant
dependence of perceived speed on contrast is
observed. That is, higher contrasts lead to an
increase in perceived speed, as has been reported in
other studies for comparable conditions (Thomp-
son, 1982; Stone & Thompson, 1992; Hawken,
Gegenfurtner & Tang, 1994; Gegenfurtner &
Hawken, 1996b). Furthermore, when the standard
and comparison stimuli activate the same type of
photoreceptor, the ratio of perceived velocities is
close to unity, which indicates equivalent motion
perception. However, when a rod-detected moving
stimulus is compared with a cone-detected standard
(open squares), it appears to move significantly
slower than the standard. For the data depicted in
Fig. 5, the rod comparison stimuli having the same
contrast as the L-cone standard (10%) are perceived
to move at 72% (0.92 log cd m-2), 79% (-0.10 log

1. Since all stimuli in this experiment had a fixed
spatial frequency of 1 c/deg, the values for temporal fre-
quency in Hz and speed in deg/s are identical.
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cd m-2) and 86% (-1.12 log cd m-2) of the speed of
the standard. Vice versa, the L-cone comparison
stimuli when compared with the 10% contrast rod
standard (open circles) are perceived to move sig-
nificantly faster: at ~135% (0.92 log cd m-2),
~114% (-0.10 log cd m-2) and ~112% (-1.12 log cd
m-2) of the speed of the rod standard. Note that these
results cannot be explained by sensitivity differ-

ences between rods and cones. The differences in
relative perceived speed between rods and cones are
fairly stable over the three different light levels,
whereas their relative sensitivity changes by about a
factor of 20.

Figure 6 shows average data from all four deu-
teranopic observers for four temporal frequencies
(0.5, 1, 2 and 4 Hz) and for three light levels (0.92,
-0.10 and -1.12 log cd m-2). Perceived speed of 10%
contrast rod stimuli is shown compared with that of
a 10% contrast L-cone stimulus (open symbols),
and vice versa (filled symbols). The dashed line at a
perceived speed of 1.0 indicates where rod motion
perception would be veridical (i.e. equal to that of
the cone-detected standard). An analysis of variance
revealed significant main effects of receptor type
(F1,3 = 7.66, p<0.05), temporal frequency (F3,9 =
11.4, p < 0.01), and a highly significant interaction
between receptor type and temporal frequency (F3,9
= 32.107, p < 0.001). At low temporal frequencies,
the data are clearly different from veridical, with the
rod stimuli appearing slower by about 20-30%. For
medium and high temporal frequencies, this is no
longer the case. With increasing temporal fre-
quency, the difference diminishes; so that at about 4
Hz rod and cone stimuli are perceived veridically
and equally fast. At higher temporal frequencies,
there seems to be a small trend in the opposite direc-
tion, with rod stimuli appearing to move slightly
faster. This resembles an analogous finding for cone
stimuli that at high temporal frequencies stimuli of
lower contrast appear to move slightly faster than
stimuli of higher contrast (Thompson, 1982;
Hawken, Gegenfurtner & Tang, 1994). Interest-
ingly, the results are basically identical for three dif-
ferent light levels, which indicates that the finding is
not based on relative sensitivity differences between
rods and cones. At 0.92 log cd/m2, cones are about
20 times more sensitive than rods, whereas at -1.12
log cd/m2, cones and rods are about equally sensi-
tive (see Figure 4). Also, rods are more sensitive at
the lower temporal frequencies, but it is at the high
temporal frequencies where the stimuli appear
veridically.

5. General Discussion

Our results show that motion perception is
handicapped at scotopic light levels. Thresholds for
detecting moving stimuli are negligibly or unaf-
fected, but the perception of the speed of moving
stimuli is severely impaired. The same stimuli when
activating rods appear to move about 20-25%
slower than when activating cones. This perceptual
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slowing could have consequences, when relying
solely upon rod vision or when shifting between rod
and cone vision; for example, while driving at night.

5.1 Comparison to isoluminant stimuli

At first sight, the deficits of rod motion percep-
tion appear quite similar to those for the perception
of isoluminant motion stimuli. Isoluminant stimuli
also appear to move slower than luminance stimuli
of comparable contrast, and there are also differ-
ences in the thresholds for motion detection and
identification (e.g., Gegenfurtner & Hawken,
1996a). But there are marked differences between
the results for rod-detected motion stimuli and for

isoluminant motion stimuli. First, the perceived
slowing is much more dramatic for isoluminant
stimuli than for rod-detected stimuli. Isoluminant
gratings moving at a physical speed of 1 deg/s
appear to move about 50% slower than their actual
physical speed; whereas rod-detected stimuli appear
to move about 20% slower. Second, speed percep-
tion for isoluminant stimuli is highly dependent on
contrast (Hawken, Gegenfurtner & Tang, 1994).
Rod motion is only slightly contrast dependent, and
certainly not more than cone based luminance
motion (see Figure 5). This second observation sug-
gests that the rod deficit might be due to distal fac-
tors, rather than central factors.

The question is then how differences in the
spatial and temporal filtering in the rods and cones
could indirectly influence motion perception. It is
relevant to note that any spatial or temporal prepro-
cessingper sewill not influence the preferred veloc-
ity of a single elementary motion detector (Hassen-
stein & Reichardt, 1956; Adelson & Bergen, 1985;
Watson & Ahumada, 1985; van Santen & Sperling,
1985), since the preferred velocity depends only on
the spatial distance between the two receptive fields
of the detector, and on the time delay between the
two receptive fields. In other words, the velocity
preferred by any one motion detector would be the
same for rods and cones. But the output signal of
any elementary motion detector (EMD) will also
heavily depend on the contrast of the input signal,
and this relationship is nearly linear over a wide
range of contrasts. Therefore, attenuating high spa-
tial and high temporal frequencies will reduce the
output of the EMDs tuned to these frequencies;
whereas EMDs tuned to low spatial and low tempo-
ral frequencies will not be affected.

There is, of course, strong spatial and temporal
lowpass filtering in the rod visual system. Extensive
psychophysical evidence implies that the retinal
spatial summation area and temporal integration
time are much larger for rod signals than that for
cone. Although many factors must be taken into
account, including retinal eccentricity, background
intensity, stimulus duration and whether the sum-
mation is truly complete or not, it can generally be
said that, for dark-adapted peripheral rod vision,
Riccò’s area of total spatial summation is valid up to
2 deg in diameter; decreasing with light adaptation
(Graham et al., 1939; Barlow, 1958; Weale, 1958;
Hallett et al., 1962; Hallett, 1963; Baumgardt, 1972;
Scholtes & Bouman, 1977; Sharpe, Whittle & Nor-
dby, 1993). In contrast, for foveal cone vision,
Riccò’s area only holds up to between 2 - 8 minutes
of arc (Baumgardt, 1959, 1972; Hillmann, 1958)
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identical with cone motion perception).
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and does not seem to change much with light adap-
tation (see Chen et al., 1987).

Likewise, depending upon stimulus configura-
tion and retinal eccentricity, Bloch’s Law of total
temporal summation is valid up to 200 - 270 ms for
fully dark-adapted peripheral rod vision, decreasing
with light adaptation to about 100 ms (Graham &
Margaria, 1935; Herrick, 1956; Barlow, 1958;
Baumgardt & Hillmann, 1961; Baumgardt, 1972;
Sharpe, Fach & Nordby, 1988; Sharpe et al., 1993;
Friedburg, Sharpe & Zrenner, 1996). In contrast, for
dark-adapted foveal cone vision, Bloch’s Law holds
up to about 100 ms, decreasing with light adaptation
to 30 - 60 ms (Barlow, 1958; Krauskopf & Mollon,
1971; Sperling & Jolliffe, 1965; Uetsuki & Ikeda,
1971; Sharpe, Fach & Nordby, 1988; Friedburg,
Sharpe & Nordby, 1996).

Larger spatial and longer temporal summation
for rod vision will result in severe lowpass filtering
of the input signal, both in the temporal and the spa-
tial domain. This will reduce the responses of
EMDs with a short distance and a short time delay
between their two receptive fields, or, equivalently,
EMDs highly sensitive to high spatial and high tem-
poral frequencies. Given that the spatial frequency
of all our stimuli was constant at 1 c/deg, we only
have to consider temporal properties here. Thus, for
rods, the signal in the low velocity (long time delay)
detectors relative to the signal in the high velocity
detectors will be higher than for the cones. If per-
ceived speed is determined from the population
response of all motion detectors (e.g., Heeger,
1987), then rod stimuli should appear to move
slower whenever the low velocity detectors are con-
tributing significantly. Note that this explanation
only involves distal (retinal) processing differences
between rod and cones, and assumes identical cen-
tral processing.

5.2 Magno- and parvo-pathways

Rod signals are fed through the same ganglion
cells that are used by the cones. Physiological evi-
dence from the primate seems to support a dominant
rod input to the magnocellular retino-geniculate
pathway (see Purpura et al., 1988; Lee et al., 1990,
1997). In comparison, the rod input to P-pathway
cells is weak, but does not differ in latency from the
stronger input to the M-pathway cells (Lee et al.,
1997). In psychophysical experiments in human,
Lennie and Fairchild (1994) found that at eccentric-
ities beyond 15 deg, visual acuity under scotopic
conditions was significantly higher than that of the
magnocellular system. They concluded that the
basis of this higher acuity must, therefore, be the

summation over many P-pathway cells, which
receive rod input. However, Lee et al. (1997) argue
that the rod input to P-pathway cells is so weak -- in
their experiments 100% modulation only delivered
a few spikes -- that it is unlikely that it could be the
substrate for scotopic spatial vision.

Like the psychophysical results of Lennie and
Fairchild (1994), our psychophysical results at a
first glance might seem to rule out the possibility
that rods send signals only to magnocellular gan-
glion cells, because rod motion appears somewhat
similar to motion at isoluminance and different
from motion under photopic conditions. But the dif-
ferences we observe between scotopic vision and
vision at isoluminance make it clear that the similar-
ities are superficial. Since rod motion is very little
dependent on contrast, it seems likely that rod sig-
nals are processed in the same manner as photopic,
cone-based motion signals. Therefore, no conclu-
sion can be drawn, on the basis of our data, as to
whether the rod substrate for motion perception is
mainly through parvo- or through magnocellular
channels.

5.3 Two retinal pathways

It is interesting that no effect of light level on
rod-detected velocity was observed, even though
rod flicker signals are processed by two separate
systems with different temporal characteristics: a
slow system dominating at low luminances and a
fast system at high (Conner & MacLeod, 1977;
Connor, 1982; Sharpe et al., 1989; Stockman et al.,
1991; Sharpe, Fach & Stockman, 1993, Sharpe et
al., 1994; Stockman et al., 1995; Sharpe & Stock-
man, 1999). However, psychophysical investiga-
tions suggest that there is little or no difference
between the spatial extents of the neural excitation
pools of the two signals (Sharpe et al., 1989, 1994).
Moreover, if the differences between rod and cone
motion is largely due to filtering by the rod photore-
ceptors themselves and/or to the early spatial and
temporal summing of their signals, rather than to the
subsequent retinal pathway characteristics, then no
change of perceived velocity with a change in lumi-
nance should be expected. At the intensity levels we
tested (see Fig. 6), both rod pathways are active. The
faster pathway, shared more intimately with the
cones, however, would be expected to dominate at
higher temporal frequencies, where the effect of
contrast on perceived speed is no longer present.

5.4 Comparison with other studies

Our results agree well with the few published
studies of scotopic motion processing. Takeuchi &
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De Valois (1997) found some impairment of
scotopic motion processing. In a recent conference
paper, Turner, De Valois & Takeuchi (1997) also
described a slowing of rod motion, albeit only by
about 5-10%. However, the smaller effect they
report might have been caused by the method they
used to differentiate rod and cone responses. Sub-
jects wore a neutral density filter over one eye, and
a septum was used to separate the right and left
visual field. Such a procedure might lead to only
partial separation of the responses because it is
known that some of the relevant motion areas (e.g.
area MT) receive inputs from both hemispheres. An
interaction might have caused some degree of “cor-
rection” to the impaired rod motion signal. Also,
since Turner et al. (1997) looked at speeds from
2.83 to 5.65 deg/sec, they might have missed some
of the effect, which is largest at low speeds. More
recently, Grossman & Blake (1999) have shown that
coherent motion detection is affected very little at
scotopic light levels. They did find impaired percep-
tion of biological motion and of form-from-motion
at scotopic light levels. However, in both of these
studies, light level was a confounding factor, which
could have contributed to the results. This is not the
case in our experiments with deuteranopic observ-
ers.

5.5 Conclusions

Our results show that motion perception is
deficient at low light levels. Although detection of
motion is still possible, low temporal frequency
stimuli activating predominantly the rods appear to
move slower than those activating predominantly
the cones. As a result of the contrast dependence of
perceived speed, departures from veridicality will
occur under conditions where the rod visual system
works alone; seriously impairing finely-tuned and
accurate motor activity and responding. More
importantly, failures of synchronization will occur
under conditions where both the rod and cone visual
systems work simultaneously and these can have
important consequences. For example, when driv-
ing at night the region illuminated by the headlights
of the car is processed mostly by the cones. The
remaining visual field is in the dark and is processed
mostly by rods. This region typically includes the
outermost parts of the visual fields where transla-
tory motion signals are largest (see, e.g. Warren &
Kurtz, 1992). This might lead to an underestimation
of the speed of our movement through the environ-
ment, which in turn might elicit a compensatory and
possibly fatal speeding-up of the movement
(Snowden, Stimpson & Ruddle, 1998).
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