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Abstract

When an image feature moves with sufficient speed it should become smeared across space, due to temporal
integration in the visual system, effectively creating a spatial motion pattern that is oriented in the direction of the
motion. Recent psychophysical evidence shows that such “motion streak signals” exist in the human visual system.
In this study, we report neurophysiological evidence that these motion streak signals also exist in the primary visual
cortex of cat and monkey. Single neuron responses were recorded for two kinds of moving stimuli: single spots
presented at different velocities and drifting plaid patterns presented at different spatial and temporal frequencies.
Measurements were made for motion perpendicular to the spatial orientation of the receptive field (“perpendicular
motion”) and for motion parallel to the spatial orientation of the receptive field (“parallel motion”). For moving

spot stimuli, as the speed increases, the ratio of the responses to paaligperpendicular motion increases,

and above some critical speed, the response to parallel motion exceeds the response to perpendicular motion. For
moving plaid patterns, the average temporal tuning function is approximately the same for both parallel motion and
perpendicular motion; in contrast, the spatial tuning function is quite different for parallel motion and perpendicular
motion (band pass for the former and low pass for the latter). In general, the responses to spots and plaids are
consistent with the conventional model of cortical neurons with one rather surprising exception: Many cortical
neurons appear to be direction selective for parallel motion. We propose a simple explanation for “parallel motion
direction selectivity” and discuss its implications for the motion streak hypothesis. Taken as a whole, we find that
the measured response properties of cortical neurons to moving spot and plaid patterns agree with the recent
psychophysics and support the hypothesis that motion streak signals are present in V1.
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Introduction integration in the visual system when objects move with sufficient

speed (Geisler, 1999). It is obvious that motion streaks are used to

A central question in perception research is how the visual sySterHetermine the motion path under some circumstances (e.g. when a

determines the direction of object motion. The most widely held . - :
N . sparkler moves quickly or when the electron beam in an oscillo-
view is that velocity components are measured at two or more

. . : . . . Scope moves quickly). These spatial representations of motion are
spatial orientations and then combined in some fashion, such as P g y) P P

with the “intersection of constraints rule” (see for example, Marrcreated by temporal integration in the visual system. However, is

& Ullman, 1981; Adelson & Movshon, 1982; Albright, 1984; thls p_henomenc_)n gener_al enough_tp be useful for determl_nlng the
. . . direction of object motion? Specifically, how fast must image

Watson & Ahumada, 1985; Stone et al., 1990; Derrington & Suero . . . .

) . e . ~features move before reliable motion streak signals are created in
1991; Smith & Snowden, 1994; Simoncelli & Heeger, 1998; . .

the visual system, and what types of features produce motion

Derrington, 2000). Another view is that the visual system performs )
streak signals?

some type of feature matchlng,.or tracking, over tl.me (s_ee for The motion streak hypothesis is illustrated schematically in
example, Movshon et al., 1985; Cavanaugh, 1992; Derrington_. . . .
. S . P~ Fig. 1. The figure shows the hypothetical responses of a population
2000). A third possibility is that the visual system determines f S . . .
. o . f neurons with receptive fields of different preferred orientations
motion direction from the spatial streaks created by tempora : . - CoT
(at the same spatial location). The preferred orientation is indicated
along the horizontal axis and the response is indicated on the

Address correspondence and reprint requests to: Wilson S. Geisle}’,ertlcal axis. Each symbol represents an individual cell (or group

Department of Psychology, Center for Vision and Image Sciences, UniOf cells) with a given preferred spatial orientation. The upper panel
versity of Texas, Austin, TX 78712. (Fig. 1A) shows the responses across the population for a feature
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502 W.S. Geisler et al.

A. Slower feature motion then it should produce a larger response in the population of
neurons whose orientation selectivity is parallel to the direction of
motion, and hence, the parallel mask should be more effective in
elevating threshold than the perpendicular mask. Geisler found that

I I L I I L as spot speed increased, the threshold remained the same for both
mask orientations until some critical spot speed was reached

e e 0 @ (approximately 12 spot-widtks), beyond which the parallel mask

: became more effective. Geisler also reported computer simulations
of cortical neuron responses to moving spots using the average

\ Feature motion spatio-temporal tuning functions that have been measured in the

monkey with sine-wave grating stimuli (Geisler & Albrecht, 1997).

These simulations suggest that the psychophysical results are

consistent with what would be expected from the population

response of neurons in the primary visual cortex.
The goal of the present study was to directly measure cortical
I neuron response properties that are relevant to the motion streak
1 I I 1 hypothesis. In the first experiment, we measured responses to a
! single moving spot that traveled either parallel or perpendicular to
a 9 0 the spatial orientation of the receptive field (i.e. parallel or per-
pendicular to the elongated regions of the receptive field). If the
) responses of V1 neurons are consistent with the results of the
\ Feature motion psychophysical experiments, then the responses to a moving spot

) . ) ) _should become greater for motion parallel to the spatial orientation
Fig. 1. lllustration of how the motion streak signals, produced by a moving of the receptive field once a relatively low critical speed is

fe_ature'(e.g. a Sf“a” spov), r.mgh.t be epcoded i a local populgtlo_n c’fexceeded. The results of the moving spot experiment agree with
orientation-selective neurons in primary visual cortex. The arrows indicate

the vector of motion of the image feature; arrow length indicates the speeH']e prediction from the psychpphysmal experlm.ents.

of motion and arrow orientation indicates the direction of motion. The ' N€ key property of the visual system that is relevant to the

horizontal axis plots the preferred spatial orientation of each local subpopmotion streak hypothesis is the temporal integration parallel to the
ulation of neurons. The vertical axis plots the pooled response of eacBpatial orientation of the receptive field. Therefore, in the second

subpopulation. These population responses include all of the directionexperiment, we measured temporal tuning functions of cortical

selective and nondirection-selective neurons. (A) The hypothesized distrineurons using drifting plaid patterns (orthogonal contrast modu-

bution of response across preferred orientation for a feature moving at gited sine-wave gratings). These plaid stimuli (which themselves
speed less than the critical speed. Below the critical speed, the distributiogre ot expected to produce motion streaks) allowed us to quan-
of activity across all orientations is relatively flat. (B) The hypothesized fitatively characterize the temporal and spatial tuning characteris-
distribution of response across preferred orientation for a feature moving %CS of cortical neurons for motion both parallel and perpendicular

a speed greater than the critical speed. Above the critical speed, the ) . - . 3
b g P P to the spatial orientation of the receptive field. The measurements

distribution of activity peaks in the population of neurons whose receptive ! . . ; - .
fields are oriented parallel to the direction of feature motion. for motion that is perpendicular to the spatial orientation of the
receptive field are essentially equivalent to conventional measure-
ments of spatial and temporal tuning with one-dimensional sine-
wave gratings. However, little is known about the spatial and
that is moving very slowly. The lower panel (Fig. 1B) shows the temporal characteristics of cortical neurons for motion parallel to
responses across the population for a feature that is moving faste¢he spatial orientation of the receptive field. Thus, these measure-
When the feature is moving slowly, similar responses are producethents provide new information that should be of general interest
across all orientations. On the other hand, when the feature i®r understanding the spatial and temporal tuning properties of
moving quickly, there is a relative maximum at the orientation cortical cells, and are of specific interest to the motion streak
parallel to the direction of motion. This occurs because temporahypothesis.
integration creates a spatial streak (effectively, a bar) oriented To help interpret the responses of cortical neurons to the spot
parallel to the direction of motion. This relative maximum re- and plaid stimuli, it is useful to consider the measured responses
sponse in the distribution of activity across the population of cellswithin the context of a common working model of cortical neu-
encodes the direction of the moving feature, in much the same wagons. Over the past several decades, following the work of Hubel
that such a relative maximum encodes the orientation of a spatiand Weisel (1962, 1968), a general consensus has developed on a
contour. model that can account for the response characteristics of cortical
Recently, Geisler (1999) reported psychophysical evidence thateurons; henceforth referred to as th&ahdard model This
such motion streak signals are used by the human visual system toodel (which is defined in detail in the Methods section) combines
determine motion direction even at relatively low speeds (¥/sleg linear filtering with three nonlinearities: contrast gain control,
for small spots). In the main experiment, luminance detectionresponse expansion, and half-wave rectification (e.g. Movshon
thresholds were measured for a moving spot in the presence @ft al.,, 197&; De Valois et al., 1982, Hamilton et al., 1989;
dynamic random line masks oriented either parallel or perpendicAlbrecht & Geisler, 1991, 1994; Palmer et al., 1991; Emerson
ular to the direction of spot motion. The target spot moved alonget al., 1992; Heeger, 1991, 1989; DeAngelis et al., 1993, 1994;
a straight path for 250 ms, and a different random sample of lingGardner et al., 1999; for general reviews, see Robson, 1975;
noise was presented in each frame. The logic of the experimershapley & Lennie, 1985; Carandini et al., 1999; Geisler & Albrecht,
was as follows. If a moving spot produces a motion streak signal2000). The work cited in the references above quantitatively
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B. Faster feature motion
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demonstrates that this model is consistent with many of the knowioptimal orientation, spatial frequency, and spatial phase. The stim-
properties of cortical neurons. ulus was centered on the receptive field by finding the position of
In general, we find that the expectations from ttandard a half cycle of the optimal spatial frequency that produced the
modelare consistent with the measured responses to spots and thergest response. The stimuli were presented in a counterbalanced
measured spatial and temporal tuning functions for motion that igashion such that all stimulus conditions occurred an equal number
parallel and perpendicular to the spatial orientation of the receptivef times, in a random order. A single block consisted of 10 repeated
field. There was, however, one noteworthy and unexpected exceppresentations of the same stimulus condition. Each presentation
tion: Many V1 neurons show direction selectivity for motion was separated by a time interval equal to the duration of the
parallel to the spatial orientation of the receptive field. Although presentation. Each block was separated by a time interval equal to
the results imply a somewhat more complicated mechanism fothe duration of the block. During these intervals, the animal
direction selectivity than is currently incorporated within gtan-  viewed mean luminance. Generally, at least four blocks were
dard mode] a relatively simple modification can produce this new obtained for each stimulus condition (resulting in 40 repeated
type of direction selectivity. temporal cycles); in some instances, as many as 20 blocks were
obtained (resulting in 200 repeated temporal cycles).

Methods
Parallel motion and perpendicular motion

R i hysiol
ecording and physiology Once the preferred spatial orientation of a given receptive field

The procedures for the paralyzed anesthetized preparation, theas determined, measurements were made in four directions of
electrophysiological recording, the stimulus display, and the meamotion for the spot stimuli (Fig. 2A) and for the plaid stimuli
surement of neural responses using systems analysis were similgffig. 2B). The stimuli were moved either parallel to the preferred
to those described elsewhere (Hamilton et al., 1989; Albrecht &spatial orientation (referred to as “parallel motion”), or the stimuli
Geisler, 1991, Geisler & Albrecht, 1997; Metha et al., 2001). All were moved perpendicular to the preferred spatial orientation
experimental procedures were approved by the University of Texageferred to as “perpendicular motion”). For each of these two
at Austin Institutional Animal Care and Use Committee, andtypes of motion, parallel and perpendicular, the stimulus can be
conform to the National Institutes of Health guidelines. In brief, moved in each of two opposite directions (as indicated by the
young adult catsKelis domesticysand monkeysNlacaca fascic-  two-headed arrows). Thus, for example, if we assume that a
ularis or Macaca mulattiwere prepared for recording under deep hypothetical receptive field is oriented vertically (as illustrated in
isoflurane anesthesia. Following the surgical procedures, isoflurFig. 2), then for parallel motion, the opposite directions are up and
ane anesthesia was discontinued. Anesthesia and paralysis wefewn, and for perpendicular motion, the opposite directions are
maintained throughout the duration of the experiment using théeft and right.

following pharmaceuticals. For cats, anesthesia was maintained

with sodium pentothal (2—6 migg/h). For monkeys, anesthesia

was maintained with sufentanil citrate (2+8)/kg/h). For both

species, paralysis was maintained with gallamine triethiodide (10 A Parallel B Parallel

mg/kg/h) and pancuronium bromide (0.1 migy/h). The physi-
ological state of the animal was monitored throughout the exper-
iment by continuous measurement of the following quantitative
indices: body temperature, inhajegkhaled respiratory gases, pres-
sure in the airway, fluid input, urine output, urinary pH, caloric
input, blood glucose levels, electroencephalogram, and electrocar-
diogram. Microelectrodes were inserted into regions of the pri-
mary visual cortex such that the receptive fields of the neurons
were located within 5 deg of the visual axis. Three different types
of microelectrodes were utilized: varnish-insulated tungsten, glass
pipette, or glass-coated platinum-iridium. The impedances of the

. —_— —_—
microelectrodes ranged from 8 to 21(M i i
Perpendicular Perpendicular
Stimulus presentation Fig. 2. Stimuli for measuring cortical cell responses for motion parallel to

the spatial orientation of the receptive field, and for motion perpendicular
In all the experiments reported here, the stimuli were confined tao the spatial orientation of the receptive field. For parallel motion, the
the conventional receptive field, which was determined by expandstimuli were moved in each of the opposite directions and similarly, for
ing the size of an optimal drifting sine-wave grating until the perpendicular motion the stimuli were moved in each of the opposite
neuron’s response stopped increasing (De Valois et al., 1983lirections. This is indicated by the two-headed arrows. (A) Raised cosine
DeAngelis et al., 1994). The stimuli were presented on a monoSPots. Measurements were made With light sppts and dark spots. Spot width
chromatic Image Systems monitor at a frame rate of 100 Hz, witpyvas set equal to the p_erlod of the opt|ma| spatial freguency. (B) Orthogonal
a mean luminance of 27.4 gu2 To overcome the inherent contrast_ quulated sine-wave gratings. These plaid patterns were crfeated
. L . by multiplying a “carrier” component, oriented parallel to the spatial
nonlinearities in visual displays, both hardware and software methariemaﬁon of a given cell’s receptive field, by a sine-wave “modulator”

ods were utilized to ensure a linear relationship between th%omponent, oriented perpendicular to the spatial orientation of a given
requested luminance and the measured luminance. Standard ogkir's receptive field. Plaid patterns can also be described as the sum of two
entation, spatial frequency, and spatial phase tuning functions wergne-wave components that differ in orientation. In this study, the plaid

measured (using sine-wave grating patterns) to determine thgatterns were confined to the conventional receptive field (see Methods).
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Moving spot experiment cell. They can also be described as the sum of two sine-wave

Following the preliminary measurements (described above), Wé:omponents of a particular frequenc), differing by a particular

measured the responses to both a moving white spot (82%d orientation (2):

and a moving black spot (4 ¢ah?). The velocity of the spot was

parametrically varied, depending upon the width of the spot. The L(x,y) = A cos(27f sinfy — 2af cosox)

spot had a raised-cosine profile with a width equal to the period of 2

the optimal spatial frequency. Although a spot of this width A B
encroaches to some extent upon the inhibitory region(s) of the 3 cos2nfsingy + 2afcosox) + L, (2
receptive field, the increased amount of light (or dark) in the

excitatory region more than offsets the inhibition. For each stim- . ..o _ tan L( f,/f,) andf = \[TZ11.2 (see Fig. 3). To simplify

" . o X \ . 3).

ulus condition, a spot of a given polarity (light or dark) was movedthe presentation,ywe describe the plyaid stimuli as contrast modu-
either parallel to or perpendicular to the preferred spatial orientarated gratings [e.g. eqn. (1)]

tion (see Fig. 2A). For paral_lel mot?ory, the stimuli were_moved in Using these patterns, we were able to measure a cell’s temporal-
gach of th'_a op_posne dlrectlo_ns; similarly, for perpend_lculqr rno'frequency tuning and spatial-frequency tuning for parallel motion
tion, the stimuli were moved in each of the opposite directions. as well as perpendicular motion. The temporal and spatial tuning
functions for perpendicular motion were measured by varying the
temporal and spatial frequency of the sine-wave component whose
orientation was aligned parallel with the cell's preferred spatial
In this experiment, we measured the response to orthogonal comyrientation. (In other words, the motion was perpendicular to the
trast modulated sine-wave gratings (plaids) moving either paralleglongated regions of the receptive field, and the orientation of the
or perpendicular to the preferred spatial orientation (see Fig. 2B)parametrically varied spatio-temporal component was parallel to
For parallel motion, the stimuli were moved in each of the oppositethe elongated regions of the receptive field.) The temporal and
directions; similarly, for perpendicular motion, the stimuli were gpatial tuning functions for parallel motion were measured by
moved in each of the opposite directions. These plaid patterns cagarying the temporal and spatial frequency of the sine-wave com-
be described as the product of a pair of orthogonally orientechonent whose orientation was aligned perpendicular to the cell's

Orthogonal contrast modulation experiment

spatial sine-wave grating patterns (see Fig. 3): preferred spatial orientation. (In other words, the motion was
parallel to the elongated regions of the receptive field, and the
L(x,y) = Acos(2wfyy)cos2nf,x) + L, (1)  orientation of the parametrically varied spatio-temporal compo-

nent was perpendicular to the elongated regions of the receptive
field.) Note that these stimuli are equivalent to rigid moving plaid

whereL is the mean luminancd is the amplitude, is the spatial ot e
patterns (which is how they appear subjectively to a human

frequency of the component aligned with the preferred spatia
orientation of the cell, and, is the spatial frequency of the observer).

component orthogonal to the preferred spatial orientation of the When measuring the temporal tuning functions, the spatial
frequency of the sine-wave component aligned with the cell's

preferred spatial orientation was set to the cell’s optimal valgle,
determined from preliminary measurements, and the orthogonal
. component was set 10./3 [i.e. f, = uc andf, = u./3 in eqgn. (1)].
Orthogonal contrast modulation When measuring the spatial tuning fun)(/:tions for perpendicular
motion, the spatial frequency of the sine-wave component orthog-
- onal to the cell’'s preferred spatial orientation was fixed &8.5,
X and the temporal frequency was set to the optimal valkleyWhen
measuring the spatial tuning functions for parallel motion, the
- Plaid spatial frequency of the sine-wave component aligned with the

cell's preferred spatial orientation was fixedgt and the temporal
frequency was set twy.

Quantitative predictions

‘ ' / To help interpret the experimental results, we simulated the re-
sponses of primary visual cortex neurons using sendard
+ model This model consists of a linear spatio-temporal mechanism
(Movshon et al., 1978 Watson & Ahumada, 1985), plus three
\ ‘ nonlinear mechanisms: contrast normalization, half-wave rectifi-

. i cation, and a response exponent (Albrecht & Geisler, 1991; Hee-
Grating summation ger, 1991). It has been demonstrated that this model adequately
Fig. 3. lllustration of two equivalent methods for constructing plaid pat- describes many aspects of single neuron responses in the primary
- visual cortex (e.g. Movshon et al., 19%8e Valois et al., 1982;

terns. The plaid patterns used in this study can be constructed by multi- . ) . ]
plying two orthogonally oriented sine-wave gratings with different spatial Hamilton et al., 1989; Albrecht & Geisler, 1991, 1994; Palmer

frequencies (one optimized for the length of the receptive field and oneft 6_"" 1991; Emerson et al., 1992; Heeger, 1991, a39DeAn-
optimized for the width). Equivalently, the plaid patterns can be con-g€lis et al., 1993, 1994; Gardner et al., 1999; for general re-
structed by summing two sine-wave gratings of the same spatial frequencyjiews, see Robson, 1975; Shapley & Lennie, 1985; Carandini
with some particular difference in orientation. et al., 1999; Geisler & Albrecht, 2000). However, as will be
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demonstrated in the Results section, we found that, in addition to
the well-established property of “perpendicular motion direction
selectivity,” many cortical neurons also show the previously un-
reported property of “parallel motion direction selectivity.” There-
fore, it was necessary to generalize gh@ndard modesuch that it
could also account for parallel motion direction selectivity.

The single axislinear spatio-temporal filter proposed by Wat-
son and Ahumada (1985) is described by a transfer function of the
following form:

H(u,v,w) = Hy(U)Hy(v)H (W) [gx — (1 — ge)sign(u)sign(w)],

Parallel/Perpendicular

®3)

whereH,(u) is a spatial filter in thex direction,Hy(v) is a spatial 0.5 . ‘ L . L
filter in the y direction, andH(w) is a temporal filter. The 0 10 20 30 40 60 60
parameten, determines the direction selectivity for motion along Wi

the x axis. (Note that thesign function has a value of-1 for Speed (SPOt W'dthSIS)

arguments greater than Zer(?, and a vaIueﬂaffo_r arguments less Fig. 4. Response of a representative neuron in the monkey visual cortex to

than zero.) In modeling cortical neurons, thaxis corresponds t0 53 moving spot. The vertical axis plots the response amplitude for parallel

the long axis of the spatial receptive field, and hence, the directiomotion divided by the response amplitude for perpendicular motion. The

selectivity is for perpendicular motion. horizontal axis plots the spot speed in spot-widths'he spot width was
The double axislinear spatio-temporal filter proposed here set to the preferred spatial period of the receptive field (i.e. one over the

contains another parametey,, which determines the direction preferred spatial frequency).

selectivity for motion along thg axis:

H(u,0,w) = Hy(u)Hy(v)He (W) [ax = (1~ g sign(u) sign(w)] The response ratio was obtained in the following fashion. First, the
X [gy — (1 — ay)sign(v)sign(w)]. (4)  responses for the opposite directions of parallel motion were
summed; then, the responses for the opposite directions of perpen-
This double axigdirection-selective filter reduces to teigle axis  dicular motion were summed; finally, the ratio of the sums was
direction-selective filter by settingy, = 1.0, and reduces to & computed. When the ratio is greater than 1.0, then the response is
nondirection-selective filter by settingy = 1.0 anddy, = 1.0. For  greater for the spot moving parallel to the spatial orientation of the
example, setting = 0.5 andagy, = 1.0 yields a receptive field that  receptive field. As can be seen, the response ratio increases as the
is highly direction selective along the axis and nondirection spot speed increases, and clearly exceeds 1.0 at the higher speeds.
selective along thy axis; settinggy = 1.0 andqy = 0.5 yields @  Thijs pattern of results was found in all of the cells, for both cat and
receptive field that is highly direction selective along $rexis  monkey. To summarize the results for the entire sample, the ratio
and nondirection selective along theaxis; settinggx = 0.5 and  of the responses to parallefersus perpendicular motion was
dy = 0.5 yields a receptive field that is highly direction selective averaged across all 45 experiments; this average ratio is plotted in
along both thex axis and they axis. Fig. 5A.

To simulate simple cell responsés,(u) was taken to be the The dashed curve in Fig. 5A shows the simulated responses of
transform of a log Gabor functioi,(v) the transform of a Gauss-  an average cortical neuron in primary visual cortex. These predic-
ian function, andH(w) the transform of a difference of gamma tions were obtained using thstandard model(see Methods).
functions (Watson & Ahumada, 1985). The output of the linearThese are parameter-free predictions that were generated directly
filter was then half-wave rectified and taken to an exponent of 2.0from the average tuning characteristics of monkey primary visual
To simulate complex cell responses, we obtained the outputs of tweortex neurons (reported in Geisler & Albrecht, 1997). The spe-
linear filters: one with the log Gabor function in cosine phase andcific average values used in the simulations were an orientation
one with the log Gabor function in sine phase. The outputs of thesgandwidth of 40 deg, a spatial frequency bandwidth of 1.5 octaves,
two filters were each squared and then summed (Adelson & Berg preferred temporal frequency of 8 Hz, a temporal frequency
gen, 1985; van Santen & Sperling, 1985). Because the contrast wagndwidth of 2.5 octaves, a nonlinear response exponent of 2.0, a
held constant in our experiments, the contrast normalization (pooleglase rate of 0.8 spikgs, and a direction selectivity of 0.6 (for
divisive inhibition) was constant, and played no role in the predic-perpendicular motion). These average tuning parameters are very
tions. Also, for the particular results reported here, the predictionsimilar to the averages reported by others (e.g. De Valois et al.,
for the simulated simple and complex cell responses are identical,982a b; Foster et al., 1985; Hamilton et al., 1989; Hawken et al.,
and hence, are not reported separately. 1996). The predicted response ratios display the major trends in the

data.* The lack of a perfect fit between the predictions from the
Results

Moving spot experiment *In the description of the results of the orthogonal contrast modulation
experiment, we report that the average direction selectivity for parallel

Fig. 4 shows the responses of a representative neuron (recordetbtion is approximately half the average direction selectivity for perpen-

from the primary visual cortex of a monkey) for the moving spot dicularTT]otiofn. We fou?d a similar rglatiodn_ship i”ﬁttg‘;lesloo,’;j?s to moving

) . ) e spots. Therefore, we also generated predictions e axidirection-

experiment. The speed of t.he spot mot|0r1 (in spot-wictthss selective filter (see Methods) with direction selectivities of 0.6 and 0.3.

plotted on the horizontal axis, and the ratio of the responses fofhese predictions are not shown because they are essentially identical to

parallelversusperpendicular motion is plotted on the vertical axis. the dashed curve in Fig. 5A.
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A Response Ratios spot speed (in spot-widtls) is plotted on the horizontal axis, and
25 , | , ‘ \ the ratio of thresholds (for the motion that is parallel perpen-
I dicular to the orientation of the mask) is plotted on the vertical
I axis. The different symbols are for spots of different widths; each
- symbol represents the average threshold ratio for the two subjects.
The vertical dashed line (plotted in Figs. 5A and 5B) shows the
average critical speed (12 spot-widthsacross all spot sizes, for
1 both subjects. Below the critical speed, the threshold ratio is
approximately constant; above the critical speed, the threshold
ratio increases approximately linearly. In the neurophysiological
- experiment, the critical speed and the rate at which the response
ratio increases with spot speed are quite similar to the critical
speed and the rate at which the threshold ratio increases in the
psychophysical experiment. The primary difference between the
0 10 20 30 40 50 60 neurophysiological and psychophysical results is that the neuro-
Speed (spot-widths/s) physiological response ratio drops below 1.0 at low spot speeds.
In sum, the measured responses of single neurons to moving
spots suggest that motion streak signals exist in the primary visual
B Threshold Ratios cortex. Further, the cortical responses, in both cat and monkey,
appear to be consistent with the human psychophysical results and

Parallel / Perpendicular

and hence produce robust responses.

-

Orthogonal contrast modulation experiment

- 25 T ' ' ' Spot Width with the parameter-free predictions from tis¢éandard model

© I o O 24' However, because the motion streak hypothesis is fundamentally
a3 ol | , dependent upon the temporal-frequency tuning for parallel motion,
"g l ® 12 and because the standard model is based upon measurements of the
) | A 6 tuning for perpendicular motion, it seemed prudent to also measure
% 15 | , the tuning for parallel motion. To do this we used plaid patterns,
o A4 which closely match the spatial properties of the receptive fields
~

o)

©

e

©

o

I I | | | I

0 10 20 30 40 50 60 representative neuron (recorded from the primary visual cortex of

Figs. 6A and 6B show the spatial-frequency tuning functions of a

©
o

a monkey) for parallel and perpendicular motion of plaid patterns.
The responses for perpendicular motion are shown in Fig. 6A,
Fig. 5. Physiological and behavioral responses to moving spots. A total offveraged across the opposite directions of motion (as indicated by
45 experiments was performed on 14 neurons recorded from within V1 (dhe double-headed arrow). The responses for parallel motion are
cat neurons and 5 monkey neurons). (A) Neurophysiological responses a¢fhown in Fig. 6B, averaged across the opposite directions of
the entire sample of neurons to moving spots. The vertical axis plots thenotion. Recall that for perpendicular motion, we varied the spatial
average response amplitude for parallel motion divided by the averaggrequency of the component whose orientation was aligned parallel
response amplitude for perpendicular motion. The horizontal axis plots thgyith the cell's preferred orientation; whereas for parallel motion,
spot speed in spot-widtjis. For each cell, the spot width was set to the (r/e varied the spatial frequency of the component whose orienta-
i

preferred spatial period of the receptive field (i.e. one over the preferre . . . .
: .~ tion was aligned perpendicular to the preferred orientation.
spatial frequency). The dashed curve shows parameter-free predictions

based upon the average tuning characteristics of cortical cells reported in The temporal.-frequency tuning functions for the Same ”?“ron
Geisler and Albrecht (1997). For these predictions, it was assumed that tf@€ Shown in Figs. 6C-6F. The responses for one direction of
cell was only direction selective for perpendicular motion. (B) Human Perpendicular motion are shown in Fig. 6C and the responses for
psychophysical detection thresholds for moving spots superimposed ofhe opposite direction of perpendicular motion are shown in Fig. 6D.
dynamic random line masks oriented either parallel to or perpendicular talhe responses for one direction of parallel motion are shown in
the direction of spot motion (data taken from Geisler, 1999). The verticalFig. 6E and the responses for the opposite direction of parallel
axis plots the ratio of the threshold for the parallel mask to the threshold foimgtion are shown in Fig. 6F.

the perpendicular mask. The horizontal axis plots spot speed in spot- There are four important properties that can be seen in the

widths/s. The data points represent the average thresholds from twooghqnses of the representative neuron shown in Fig. 6. The first
subjects. The vertical lines in both panels indicate the average Speet%ree properties are general: They hold true for the entire sample of
beyond which the threshold ratio increases (the “critical speed” reported in '

Geisler, 1999). neurons. The fourth property, however, is not general.

Speed (spot-widths/s)

1. The shape of the spatial tuning function for perpendicular
motion is quite different from the shape of the spatial tuning
function for parallel motion: For perpendicular motion, the
tuning is band pass (Fig. 6A), whereas for parallel motion,
the tuning is low pass (Fig. 6B).

large sample of monkey cells and the measured responses from this
specific sample of cells is not particularly surprising given the
substantial heterogeneity in the tuning characteristics of neurons in
the primary visual cortex.

For comparison, Fig. 5B summarizes the results for the two 2. The shape of the temporal tuning function is quite similar for
subjects in the previously published psychophysical study. The both parallel motion and perpendicular motion: The solid
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Fig. 6. Responses of a representative neuron in the monkey visual cortex to orthogonal contrast modulated gratings (plaids). (A)
Responses for perpendicular motion as a function of spatial frequency. The responses for the opposite directions were averaged. (B)
Responses for parallel motion as a function of spatial frequency. The responses for the opposite directions were averaged. (C & D)
Responses for perpendicular motion as a function of temporal frequency. The responses for the opposite directions are plotted
separately. (E & F) Responses for parallel motion as a function of temporal frequency. The responses for the opposite directions are
plotted separately. The solid curve in each panel shows the predictions fratatitzard modebf striate cortex neurons (see text for

details).

curves (in Figs. 6C—6F) are identical in shape and only differcoefficient for perpendicular motion was0.7, and for parallel
by a vertical scale factor. motion it was—0.15. The results of this analysis indicate that the
3. The amplitude of the temporal tuning function for perpen-Spat'al tuning is approxmatel)_/ band pass for perpendicular motion
. . . o .and low pass for parallel motion.
dicular motion, averaged across the opposite directions, is . . .
. . . Second, consider the shapes of the temporal tuning functions
approximately equal to the amplitude of the temporal tuning : . . L
. . .for parallel and perpendicular motion. To quantify the similarity in
function for parallel motion, averaged across the opposite . )
T . o he shapes of the temporal tuning functions, we computed (for each
directions: The average of the solid curves in Figs. 6C andt . - :
o . . Do cell) the correlation coefficient of the response amplitude for
6D is identical to the average of the solid curves in Figs. 6E . . :
and 6F parallel motion and the response amplitude for perpendicular
’ motion. Fig. 7A shows a scatter plot of the response amplitude of
4. This particular neuron is direction selective for perpendicu-the cell shown in Fig. 6, for parallelersusperpendicular motion.
lar motion, but it is not direction selective for parallel If the temporal tuning functions are identical in shape, then the

motion. responses should fall on a straight line through the origin with a
slope equal to the average ratio of the responses. The degree to
Now, consider the entire sample of cells. which the two sets of points fall along a straight line can be

First, consider the shapes of the spatial tuning functions foquantified by the Pearson correlation coefficiént As indicated
parallel and perpendicular motion. To quantify the differences inin the figure, the correlation coefficient for this cell is quite high
the shapes of the spatial tuning functions for the entire sample ofr = 0.88), and thus, on average, the points fall close to the straight
cells, we computed (for each cell) the rank-order correlationline. A histogram of the correlation coefficients for this sample of
coefficient for response amplitude and spatial frequency. (Given aeurons is shown in Fig. 7B. As can be seen, for most of the cells,
perfectly low pass function, the coefficient will bel.0; whereas, the correlation coefficients are quite high. The results of this
given a perfectly band pass function, the coefficient will be 0.0.)analysis indicate that the shapes of the temporal tuning functions
For this sample of neurons, the average rank-order correlatioare quite similar for parallel motion and perpendicular motion.
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Fig. 7. Summary of responses of cat and monkey neurons to orthogonal contrast modulated gratings (plaids). Seventy-seven
experiments were performed on 28 neurons (21 complex cells and 7 simple cells) recorded from within V1 (17 cat neurons and 11
monkey neurons). (A) The response amplitude of a representative neuron for parallel motion is plotted as a function of the response
amplitude for perpendicular motion; these were taken from the temporal-frequency tuning measurement in the preferred direction. If
the shapes of the temporal-frequency tuning functions are the same for both parallel and perpendicular motion, then the points should
fall on a straight line through the origin. The degree to which this holds is given by the Pearson correlation coéffickenindicated

in the panel, for this celly = 0.88. (B) Histogram showing the correlation coefficients for the entire sample. (C) The ratio of the
responses for parallelersusperpendicular motion at each temporal frequency, averaged across the entire sample of cells. The error
bars indicatet2 standard errors. Note that unlike the responses to moving spots, the response ratio remains constant independent of
speed (cf. Fig. 3A). (D) The direction selectivity index for parallel motion is plotted as a function of the direction selectivity index for
perpendicular motion. The solid symbols represent experiments where the direction selectivity for parallel motion was statistically
significant (at the 0.001 level of confidence), in comparison to what would be expected from chance alone. (Statistical significance for
perpendicular motion is not shown.) For those points above the dashed diagonal line, the direction selectivity was greater for parallel
motion than it was for perpendicular motion.

Third, consider the similarity of the average response amplitude for parallel motion is equal to the average response amplitude
tudes of the temporal-frequency tuning functions for parallel andfor perpendicular motion, then the ratio of the averages should be
perpendicular motion. To quantify this property, we computed (forconstant and equal to 1.0, at all temporal frequencies. For the cell
each cell) two average temporal tuning functions: one for paralleshown in Fig. 6, this ratio is equal to 0.81. The results for the
motion (averaged across the opposite directions) and one fasample as a whole are summarized in Fig. 7C, which plots the ratio
perpendicular motion (averaged across the opposite directionsf+2 standard errors) for each temporal frequency, averaged across
We then took the ratio of the two average temporal tuning func-all cells. As can be seen, the ratio is approximately constant across
tions at each temporal frequency. If the average response ampliemporal frequency; as indicated by the horizontal line, the mean
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was 0.82. The results of this analysis indicate that the average 2. The shape of the temporal-frequency tuning function is the
response amplitude for parallel and perpendicular motion is nearly same for both parallel and perpendicular motion.
the same across a wide range of temporal frequencies.

Fourth, consider the property of direction selectivity for paral-
lel and perpendicular motion. Fig. 7D shows a scatter plot of the
direction selectivity index:T Direction selectivity for perpendicular
motion is plotted along the horizontal axis, and direction selectiv- 4. The responses for the opposite directions of parallel motion
ity for parallel motion is plotted along the vertical axis. Many are equal (i.e. the direction selectivity index for parallel
neurons show direction selectivity for perpendicular motion and motion is zero).
essentially no direction selectivity for parallel motion (similar to
the cell illustrated in Fig. 6). Surprisingly, however, many of the All but the last prediction hold approximately for the population as
cells show direction selectivity for parallel motion. The solid a whole.
symbols in the plot show the cases where the direction selectivity
index for parallel motion was significantly greater than z&Po<
0.001).1 Particularly surprising is the fact that some cells ar
considerably more direction selective for parallel motion than theyThe most significant departure from the predictions of $ten-
are for perpendicular motion (see data points above the dashethrd modelis that many cells show some degree of direction
line). The results of this analysis demonstrate that some neurorselectivity for parallel motion (see Fig. 7D). There are several
are more direction selective for perpendicular motion, other neupossible explanations for this unexpected result.
rons are more direction selective for parallel motion, and many One possible explanation for the parallel motion direction
neurons are direction selective for both parallel and perpendiculaselectivity that we have observed is the stochastic nature of cortical
motion. It is worth noting that this same pattern of direction neurons. Specifically, given any variability in the response, and a
selectivity was observed for the moving spot measurements: Thénite sample of measurements, the direction selectivity index will
range of direction selectivity for parallel motion is approximately almost always be greater than zero, even for a cell that has no
2/3 of that for perpendicular motion. direction selectivity. To assess whether the response variability of

Now, consider the expectations from tendard mode(the  the neurons could account for the high degrees of parallel motion
conventionalsingle axisdirection-selective filter described in de- direction selectivity observed in this sample, we performed the
tail in the Methods) for the spatial- and temporal-frequency tuninganalysis described in footnotef. This statistical analysis of the
functions measured with plaid patterns. The solid curves throughesponses revealed that the parallel motion direction selectivity for
the data points for the neuron illustrated in Fig. 6 are the predicmany cells was greater than what would be expected by chance
tions from the standard model For these predictions, several alone (with a confidence level of 99.9%). Thus, it seems unlikely
parameters were allowed to vary: the optimal spatial and temporahat response variability can account for the parallel motion direc-
frequency, the spatial- and temporal-frequency bandwidth, theion selectivity that we have measured.
base rate, and the direction selectivity. As can be seen, the predic- A second possible explanation is imprecise alignment of the
tions from thestandard modeére quite good for this representa- plaid pattern with respect to the preferred spatial orientation of a
tive neuron, particularly given the fact that the exact same set oheuron’s receptive field. Such misalignment will introduce errors
parameters was used to generate the curves in all six panels. into the measurements of parallel motion direction selectivity for

In general, independent of the particular parameter values, thany neuron that shows a high degree of perpendicular motion
standard modepredicts the following: direction selectivity. Specifically, the misalignment will introduce

spurious parallel motion direction selectivity. In the present set of

1. The spatial-frequency tuning function is band pass for par_experiments, the optimal orientation was quantitatively determined

allel motion and low pass for perpendicu|ar motion. from a preliminary measurement Of the Ce||’S Ol’ienta'[ion tuning
function, in order to ensure correct orientation alignment of the
plaid patterns. This procedure provided a precise estimate of the
- o ] ] preferred orientation: The average 95% confidence interval for

TThe direction selectivity index is defined as-X(rn, ~ 1o)/(rp — To).  the preferred orientation was2.3 deg, and no cell had a 95%
wherery, is the response in the nonpreferred directignis the response - .
in the preferred direction, ang is the base rate (which was generally quite confidence interval that exceedecb deg. Nonetheless, to assess
small). the potential effect of orientation misalignment, we usedsihgle

tThese statistical tests were performed as follows. First, the temporadxis standard modéb estimate the expected responses of a neuron
tuning function for parallel motion was obtained by averaging the responsegyith varying degrees of perpendicular motion direction selectiv-

for the opposite directions of motion. Next, the variance proportionality . - . . .
constant was determined from the ratio of the variance to the mean acro&/) to parallel motion, as a function of the degree of orientation

all the measured responses. Using the average temporal tuning functioR}isalignment. Th? results of this anal)_/sis show that a misglign-
and the variance proportionality constant, two random examples of the tunment of =5 deg introduces only a minor amount of spurious
ing function were generated using the same number of stimulus repetitiongarallel motion direction selectivity in the measurements, even for

that occurred in the actual experiment_(typically 40 repetitions). From thes% neuron with a high degree of perpendicular motion direction
two randomly generated tuning functions we computed the value of the

direction selectivity index. The above computations were repeated 20,00§eleCt'V'ty' Furthermore, even large orientation m'sa“gnmen_ts co_uld
times to obtain the sampling distribution for the direction selectivity index, Not account for the neurons that were equally or more direction
under the null hypothesis that there was no direction selectivity. The samselective for parallel motion than for perpendicular motion (see
pling distribution was evaluated to determine the magnitude of direction,:ig. 7D).

selectivity that would be required for a significance level of 0.001; that is, : : ; f e Qi
this direction selectivity index would have been exceeded by chance with a We are therefore left with a third possible explanation: Simply,

probability of less than 0.001, a 99.9% level of confidence. Several othefMany cortical neurons are direction selective for motion parallel to
forms of statistical test were also tried and the results were nearly identicatheir receptive field. Fig. 8 shows the temporal-frequency tuning

3. The temporal tuning functions, when averaged across the
opposite directions, are identical for both parallel and per-
pendicular motion.

eParallel motion direction selectivity
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curve in each panel shows the predictions of a
linear spatio-temporal filter with aingle-axis
direction-selective mechanism tuned for mo-
tion that is parallel to the spatial orientation of
the receptive field (see text for details).
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functions of a monkey V1 neuron for both parallel motion and distribution of activity across preferred spatial orientation would
perpendicular motion of a plaid pattern. As can be seen, thencode the direction of the moving feature (see Fig. 1).
responses are nearly identical for the opposite directions of per- The aim of the present study was to obtain neurophysiological
pendicular motion (Figs. 8A and 8B), but the responses are quitéata relevant to the motion streak hypothesis. To this end, we
different for the opposite directions of parallel motion (Figs. 8C measured the responses of cortical neurons for motion that was
and 8D). Fig. 9 shows the temporal-frequency tuning functions ofperpendicular to, and motion that was parallel to, the preferred
a neuron with approximately equal levels of direction selectivity spatial orientation of each neuron’s receptive field (see Fig. 2). The
for both parallel motion and perpendicular motion. Taken togetherresponses to moving spots were measured as a function of velocity,
the results illustrated in Figs. 7D, 8, and 9 indicate that manyand the responses to plaid patterns were measured as a function of
cortical neurons may well be direction selective for parallel motion.the temporal frequency and the spatial frequency of the two
sine-wave components.

The results of the moving spot experiment are consistent with
the hypothesis that motion streak signals exist in the primary visual
cortex. Specifically, as the speed of spot motion increases, the
response of a V1 neuron to parallel motion increases while the
Recent human psychophysical evidence supports the hypothesissponse to perpendicular motion decreases; ultimately, the re-
that one of the cues the visual system has available to determirgponse becomes greater for parallel motion than for perpendicular
motion direction is the spatial orientation responses produced bynotion (see Figs. 4 and 5A). Thus, when the motion of a feature in
motion streaks (Geisler, 1999). Further, computer simulations natural visual scene exceeds some critical value, it will produce
based upon thstandard modedf V1 neurons (Geisler, 1999) have larger responses in those V1 neurons oriented parallel to the
suggested that these spatial orientation responses may be encodkcection of motion than in those oriented perpendicular to the
by the orientation-selective neurons in primary visual cortex.direction of motion. These results are consistent with the psycho-
Specifically, the simulations showed that if a natural feature movegphysical evidence for motion streak signals in the human visual
at a sufficient velocity, it should produce the largest responses isystem (see Fig. 5B). Further, the results are also consistent with
those V1 neurons whose preferred spatial orientation is parallel tthe computer simulations, based upon stendard modelwhich
the direction of motion. This relative maximum response in thepredict that motion streak signals should exist in V1 neurons.

Discussion

Summary of the present work
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that had direction selectivity for both parallel
motion and perpendicular motion. (A & B)
Responses for perpendicular motion as a func-
1 tion of temporal frequency, in each of the
opposite directions. (C & D) Responses for
80 parallel motion as a function of temporal fre-

c LR T T T TTTTm T quency, in each of the opposite directions. This
1 neuron is direction selective for perpendicular
=4 -] ] motion and it is also direction selective for
parallel motion. The solid curve in each panel
o 1 shows the predictions of a linear spatio-temporal
filter with a double-axisdirection-selective
mechanism, which is simultaneously tuned for
both perpendicular and parallel motion (see
text for details).
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However, the strength of the argument for the motion streak There is one apparent contradiction between the measured
hypothesis, based solely upon the measured responses to movirgsponses to spots moving at different speeds and the measured
spots, is weakened by the fact that teandard modelwas  responses to plaids moving at different speeds. In particular, as the
primarily developed based upon the measurements of responsesdpeed of a moving spot increases, the ratio of the responses to
motion that was perpendicular to the spatial orientation of theparallel versusperpendicular motion increases (see Figs. 4 and
receptive field (that is, to one-dimensional gratings that were5A). In contrast, as the speed of a moving plaid increases, the ratio
moving perpendicular to the orientation of the receptive field or toof the responses to paralleérsusperpendicular motion remains
one-dimensional gratings that were counterphase flick&yjramd ~ approximately constant (see Fig. 7C). Despite this apparent con-
hence, the predictions of thr@andard modemay not be appro- tradiction, this difference in the responses to spots and plaids is
priate for parallel motion. actually consistent with the expectations from #endard model

To address this concern, we measured the responses of Vlhis is because, unlike the motion streak signals that are produced
neurons to plaid patterns because plaid patterns produce robusy moving spots (and most other moving patterns in natural
responses from cortical neurons, and plaid patterns make Bcenes), moving plaid patterns should not produce motion streak
possible to measure the spatial and temporal tuning characterisignals.** Thus, thestandard modepredicts that the ratio of the
tics of cortical neurons for motion that is parallel to the orien- responses to parall@ersusperpendicular motion should be con-
tation of the receptive field. The results of the present studystant as a function of speed for moving plaids, even though it
show that the measured responses of V1 neurons to plaid patrcreases as a function of speed for moving spot stimuli.
terns are robust (see Figs. 6—9). Further, the responses to plaid In sum, based upon the measured responses to spots and plaids
patterns are in good agreement with the responses to movingioving parallel and perpendicular to the preferred spatial orien-
spots. Finally, with the exception of the rather surprising findingtation of the receptive fields, we can conclude that the oriented
that some neurons show direction selectivity for parallel motion,spatial motion signals available in natural images produce oriented
the responses are in good agreement with the expectations from
the standard model

**As the speed of a plaid pattern increases, and the white—black spatial
variations in the plaid pattern are integrated through time (due to the

SRecall that a counterphase flickering grating is equivalent to the surtemporal integration of the visual system), the net effect is to simply reduce
of two gratings drifting in opposite directions. the contrast to zero.
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spatial motion streak signals in the population response of striate A
cortex neurons.

Perpendicular
Parallel and perpendicular direction selectivity

In contrast to our expectations, based upon the neurophysiological
literature and the predictions from tiséandard modelwe found
that many cortical neurons appear to display some degree of
direction selectivity for motion parallel to the receptive field (see
Figs. 6-9). Even more surprising is the finding that for some
neurons the direction selectivity for parallel motion was observed B
to be greater than the direction selectivity for perpendicular mo-
tion. The conventionasingle axisdirection-selective filter incor- Parallel
porated within thestandard modetannot account for these results. [ I
It is possible that the mechanism for parallel direction selec-
tivity is similar to the mechanism for perpendicular direction
selectivity. It has long been thought that perpendicular direc- @ 6
tion selectivity is the result of certain combinations of nondirection-
selective inputs that are position (or phase) shifted appropriately in
space and time (Reichardt, 1961; Barlow & Levick, 1965). The
conventional view of direction selectivity in primary visual cortex
neurons is illustrated in Fig. 10A. This is a very simplified
illustration, but it demonstrates the essential concept. When a Mixed
vertically oriented stimulus moves from left to right, the signals
from the nondirection-selective inputs arrive simultaneously at the
summation stage (as a consequence of the delay) and thus produce
a relatively large response. On the other hand, when the stimulus
moves from right to left, the signals arrive at different times and
thus produce a weaker response. As illustrated in Fig. 10B, direc-
tion selectivity for motion parallel to the spatial orientation of the
receptive field can be obtained in a similar fashion by rotating the
preferred spatial orientation of the two nondirection-selective in-
puts. The solid curves in Fig. 8 show the predictions of the
standard modelvith the spatial orientation of the two components

simply TOtated by 90 deg. . . . Fig. 10. Schematic diagrams that illustrate plausible simple methods for
qutlcal neurons that ShPW direction selgctlvny for both per- producingsingle-axisanddouble-axigirection-selective mechanisms. (A)
pendicular and parallel motion could potentially be produced byrragitional single-axismodel of direction selectivity in primary visual
slightly more complex configurations of spatial and temporal cortex. Spatial offsets (or spatial phase differences) are combined with
offsets. For example, as illustrated by the “mixed case” in Fig. 10Ctemporal offsets (or temporal phase differences) to produce direction
time delaysbetweenthe rows (of centefsurround units) can selectivity for motion perpendicular to the spatial orientation of the recep-
produce direction selectivity for perpendicular motion, and timetive field. (B) Nontraditionalsingle-axismodel of direction selectivity.
delays within the rows (of centeisurround units) can produce Spatial offsets (or spatial ph_ase differences) are combin_ed with t(_emporal
direction selectivity for parallel motion. As described in the Meth- Offsets (or temporal phase differences) to produce direction selectivity for
ods section, we model the mixed case by generalizingsithgle motion parallel to th.e spatial orientation of the. receptive field. (.C) Non-
- . . traditional double-axismodel of direction selectivity. Various spatial off-
axislinear spatio-temporal filter [see eqn. (1)] proposed by Watson

. . sets (or spatial phase differences) are combined with various temporal
and Ahumada (1985) to formdaouble axidinear spatio-temporal offsets (or temporal phase differences) to produce direction selectivity for

filter [see eqn. (2)]. The solid curves in Fig. 9 show the predictionspth motion perpendicular to and motion parallel to the spatial orientation
of a model that allows two axes of direction selectivity. of the receptive field.

The standard modelgeneralized to includdouble axidinear
spatio-temporal filters, predicts that there should be modest asym-
metries in the orientation tuning functions for opposite directions
of motion, measured with drifting sine-wave gratings. As illus- determine whether they could be detected in the orientation tuning
trated in Fig. 7D, the values of parallel direction selectivity rangefunctions we measured for each neuron prior to presenting the
from approximately 0 to 0.6, with a median value of approximately spots or plaids (see Methods). To do this, we fitted the orientation
0.3. The generalizestandard modepredicts that a parallel direc- responses from each cell with a pair of asymmetric Gaussian
tion selectivity of 0.3 should produce an asymmetrical shift in thefunctions, where the standard deviations on the two sides of the
orientation tuning of only a few degrees: approximately 3 deg forpeak (for each direction of motion) were free to vary, and the
each direction of motion. In other words, modest orientation-separation in the peaks for the opposite directions of motion were
tuning asymmetries are an expected side effect of the linearalso free to vary (a total of 8 free parameters). We found that some
qguadrature models for parallel motion direction selectivity. cells did show small asymmetries, but they did not appear to be
The orientation-tuning asymmetries predicted by the generalsystematically related to the degree of parallel motion direction
izedstandard modehre quite small. Nonetheless, we attempted toselectivity. In order to detect the small orientation asymmetries
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predicted by the generalizetiandard modelit would probably be  and the other arrows indicate the motion for the whole pattern. For
necessary to measure the orientation tuning functions with smalleghe 90 deg plaid, almost no response is produced by either the
orientation increments (e.g. every 1 or 2 deg). parallel or the perpendicular motion because the orientations of
Others have measured the direction-selective responses of ptihe components are 45 deg from the preferred orientation of the
mary visual cortex neurons with moving plaid and checkerboardheuron. (Note that the average half-bandwidth of V1 neurons is
patterns (De Valois et al., 1979; Movshon et al., 1985), but they20 deg.) To obtain a large response, the motion direction must be
have not reported direction selectivity for motion parallel to thesuch that one of the components falls within the orientation
spatial orientation of the receptive field. The explanation seems tdandwidth of the neuron, and thus the motion of that component
be that the spatial components in the previous studies were optwill be approximately perpendicular to the cell’'s preferred spatial
mized for some direction of motion other than parallel motion, andorientation. The stimuli used in the present study are illustrated in
hence did not produce sufficiently large responses to measurgig. 11B. Here, large responses are produced for both parallel and
direction selectivity for parallel motion. For example, the plaid perpendicular motion because the two spatial components are
patterns used by Movshon et al. (1985) in V1 are illustrated inalways well within the orientation bandwidth of the neuron.
Fig. 11A. The grating patterns indicate the two sine-wave compo- At first thought, the “parallel motion direction selective neu-
nents that are summed to create the plaid pattern; the arrows aons” that we have found in V1 might seem similar to the “Type
each component indicate the motion direction of the componentl neurons” that Albright (1984) found in the middle temporal area

orientation, as measured with stationary bars. However, Albright
‘ ' selectivity for spots that move perpendicular to optimal gratings
opposed to stationary bars or gratings, whereas the V1 neurons
90° at th . _
spond to the pattern direction-selective neurons (also in area MT;
Valois et al., 1979). Thus, it seems reasonable to conclude that the
visual cortex. However, it is possible that feedback from MT
‘ ' Cortical neurons are known to be quite selective: Most indi-
\ ‘ the direction of motion perpendicular to the preferred spatial
(o}
for the direction of motion parallel to the preferred spatial orien-
et al. (1985) and the plaid stimuli used in the present study. Thesé€ations for neural computation and perception.
grating patterns indicate the two drifting sine-wave components that arjemporal_frequency tuning and motion streaks
between the drifting components. The arrows on the plaid indicate thestandard modelGeisler, 1999), have shown that motion streak
or the perpendicular motion because the orientations of the components a
present study. Strong responses are produced for both parallel and perpdfmporal integration interval for motion that is perpendicular to the

(MT). Type Il neurons show direction selectivity for drifting bars
and spots that move approximately parallel to the preferred spatial
A o] (1984) did not find Type Il neurons in V1. Furthermore, the
90 parallel motion direction-selective neurons in V1 show direction
+ and bars that are either stationary or drifting. In other words, Type
Il neurons behave differently when measured with drifting as
k ‘ behave similarly. Finally, given that Rodman and Albright (1989)
have demonstrated that the Type Il neurons (in area MT) corre-
‘ ' Movshon et al., 1985), it is worth noting that Movshon et al. did
+ —_ not find pattern direction-selective neurons in area V1 (see also De
k ‘ area MT Type Il neurons do not correspond to the parallel motion
direction-selective neurons that we have found in the primary
o] neurons could contribute to the parallel direction selectivity seen in
143 V1 (Maunsell & van Essen, 1983; Rockland & Van Hoesen, 1994).
vidual neurons are simultaneously selective along the dimensions
of position, orientation, spatial frequency, temporal frequency, and
orientation (see references cited earlier for gh@endard modegl
37 Here, we have shown that many cortical neurons are also selective
‘ ' tation. This fact implies that cortical neurons are even more
+ ] selective than was previously thought; that is, the domain of
| s spatio-temporal stimulation to which the typical cortical neuron
k ‘ ' responds is even more restricted. The degree of direction selectiv-
ity for parallel motion is, on average, less than for perpendicular
Fig. 11.lllustration of the differences in the plaid stimuli used by Movshon motion, but it is still substantial, and may have important impli-
differences may explain why direction selectivity for parallel motion has
not been reported previously for plaid or checkerboard patterns. Th
summed to create the plaid pattern; arrows on the gratings indicate thglotion streak signals are the result of temporal integration in the
direction of motion of each component. The numbers indicate the anglegig | system. Simulations of V1 neuron responses, based upon the
direction of mOt'On.Ofthe plaid. (A) Stimuli l.Jsed by MOVS“W? etal. (1985). slignals should exist in the primary visual cortex because of the
For the 90-deg plaid, almost no response is produced by either the parallé . . . L
bstantial temporal integration that occurs within the early stages
45 deg from the preferred orientation of the neuron. (B) Stimuli used in theOf the visual system. When those simulations were performed, the
dicular motion because the two spatial components are always well withirientation of the receptive field of V1 neurons was well estab-
the orientation bandwidth of the neuron. lished (e.g. Movshon et al, 19B8Foster et al., 1985; Hamilton
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et al., 1989; Hawken et al., 1996); however, the integration interval V1 Cells T
for motion parallel to the orientation of the receptive field was
unknown. Due to this lack of information, Geisler assumed that the
temporal integration interval for parallel motion was equivalent to
the temporal integration interval for perpendicular motion. As
shown in Figs. 6-9, the shape of the temporal-frequency tuning
function, and hence the temporal integration interval, is very
similar for parallel and perpendicular motion, and thus it substan- B
tiates the earlier simulations. Further, this fact indicates that mo-
tion streak signals should be present in the responses of V1
neurons under a wide range of circumstances. The temporal-
frequency tuning for parallel motion provides an additional esti- 1
mate, and perhaps a more reliable estimate, of the critical speed at @
0°

Opponent Celi

Above critical speed in preferred direction

L],
SOO?

90°

Response

which motion streaks should occur. Opponent Cells
It is worth noting that under scotopic conditions, when visual

sensitivity is based upon the responses of the rods, the temporal

integration interval increases. The integration time for a rod is ;

app?oximately three times longer than ?he integration time for a 600\ Feature motion

cone (e.g. see Walraven et al.,, 1990). This implies that under

scotopic conditions, when other cues for the direction of object Above critical speed in non-preferred direction

motion are likely to be diminished, motion streak signals may play

an even more important role in the perception of motion direction.

Motion streak signals in V1
omnncars ) D O D @ ©

Taken as a whole, the neurophysiological measurements reported st 2700

here, along with the psychophysical measurements, and simula-

tions, reported elsewhere (Geisler, 1999), strongly suggest thatig. 12. lllustration of how parallel direction-selective neurons could be
when an image feature moves with sufficient speed it should createsed to encode motion direction. (A) Hypothetical opponent cell created by
a “local orientation maximum,” as illustrated in Fig. 1B. This local com_binin_g pgrallel direction-selective cells with opposite preferen_ces for
orientation maximum could potentially be used to signal themotion direction. (B) Responses across a population of hypothetical op-
direction of the feature’s motion. Further. because the criticalPonent cells with different preferences for motion direction, to a feature
speed for producing a spatial motion streak is relatively low. SUCHnoving in the direction indicated by the arrow. The population does not
signals should be present in V1 under a wide range of r‘]aturarlespond to static features. However, if the feature is moving above a critical
vigwing conditions P 9 speed, the peak in the distribution of activity corresponds to the direction

. . . _of motion.
It is reasonable to consider how subsequent brain mechanisms

might extract motion direction from these motion streak signals in
V1. This is a nontrivial problem because motion streaks provide

ambiguous information about motion direction. Specifically, a b ificallv. the visual Id
local orientation maximum (see Fig. 1B) could be the result of (l)mOt'On' ata subsequent stage. Specifically, the visual system cou

an image feature that is moving parallel to the preferred orientatioff"Struct motion-oppongnt mechanisms (like those proposed by
at the maximum, or (2) simply a contour that is aligned parallel tOAdelson & Bergen,lgss, a_nd van Sgnten & Sperling, 1985)’ from
the preferred orientation at the maximum. Further, even if the Iocafhe neurons that are direction selective for parallel motion (such as

orientation maximum is the result of an image feature movingthe ones .||Iustrated in Figs. 8 a}nd 9). As |IIustraFed in F'g.' 124,
along the orientation at the maximum, the direction of motion SUCh Motion-opponent mechanisms can be obtained by differenc-

along that orientation is uncertain (i.e. it could be moving in either"d the output of two neurons that are direction selective for
of the opposite directions that is parallel to the preferred orientation)

Response

parallel motion, with opposite preferred directions of motion. A

One possible resolution to the ambiguities inherent in the locaPPPulation of such motion-opponent neurons could be used for
orientation maximum could be obtained by combining that sign(,j“measunng motion direction from motion streaks S|g_nals. Statu_:
with the local average direction-selective response. Specificallyfe_atures would produc_e no response. _However, as_lllustrated In
the direction-selective response of the local population of Vli:'g' 128, features moving above the critical speed will produce a

neurons could be used to determine the sign of the motion diredc@ maximum in the population of opponent cells. This local

tion (1, —1, or 0). The peak of the local orientation maximum max_lmum response will correspond to the direction of feature

could then be multiplied by this sign. (Note that a sign of 0 motion.

corresponds to no movement.) We have shown that once the

critical speed is exceeded, this simple mechanism correctly deter- ) .
. . S . o Glass patterns and motion streak mechanisms

mines the motion direction of moving features within complex

natural images (see Fig. 3 in Geisler, 1999). Some recently reported psychophysical phenomena involving in-
A second possible resolution to the ambiguities inherent in theeractions between motion and spatial vision may provide further

local orientation maximum could be obtained by combining theevidence for a motion streak mechanism. Ross et al. (2000) created

output of the neurons that are direction selective for paralleldynamic displays where each display frame was a different random
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sample of &Glass pattern(which consists of randomly positioned CARANDINI M., HEEGER, D.J. & MovsHoN, L.A. (1999). Linearity and gain
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. . . .. Cortical Circuits ed.ULinski, P.S., JoNEs, E.G. & PETERS, A., pp. 401—
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mechanism that would signal motion parallel to the orientation ofpeAnGELss, G.C., FREEMAN, R.D. & Onzawa, L. (1994). Length and
the dot pairs (Ross et al., 2000; Burr, 2000). Francis and Kim  width tuning of neurons in the cat's primary visual cortdrurnal of
(1999) report what may be related phenomena in ambiguous Neurophysiology'l, 347-374. _
three-frame apparent motion displavs DERRINGTON, A. (2000). Seeing motion. I8eeing ed.DE Varors, K.K.,
PP plays. pp. 259-309. San Diego, California: Academic Press.

DERRINGTON, A. & Sutero, M. (1991). Motion of complex patterns is
Motion direction signals computed from the perceived motions of their componeXision

. . . ) Researci1, 139-149.
Motion streak mechanisms are just one of several possible mectbe varors, K.K., DE Varors, R.L. & Yunp, W.E. (1979). Responses of
anisms the brain uses to determine motion direction. For example, striate cortex cells to grating and checkerboard pattetasrnal of
plaid patterns should not produce motion streak signals (see foot- Physiology291, 483-505.

. . . : . DE Vavrois, R.L., ALBRECHT, D.G. & THORELL, L.G. (1982a). Spatial
*%
note **); however, the direction of motion of plaid pattems can be frequency selectivity of cells in macaque visual coriéision Research

correctly perceived. Thus, the visual system must use some other 2, 545 559,
cue (or cues) for determining the direction of motion for moving Dt Vavrois, R.L., YUND, E.W. & HEPLER, N. (19820). The orientation and

plaids. As noted in the Introduction, there are at least two possible direction selectivity of cells in macaque visual cortfision Research

; . o ; 22, 531-544.
mechanisms: (1) combining velocity components at two or mOI’eDE Vavrors, R.L., THORELL, L.G. & ALBRECHT, D.G. (1985). Periodicity of

orientations, and (2) matching or tracking features over time.  gyiate-cortex-cell receptive fieldSournal of the Optical Society of
Furthermore, except under scotopic conditions (when the temporal America A2, 1115-1123.

integration interval is three times longer), motion streaks areEMERsoN, R.C., BERGEN, JR. & ADELsoN, E.H. (1992). Directionally
unlikely to be an important source of motion direction at slower selective complex cells and the computation of motion energy in cat

. L . visual cortex.Vision Researcl32, 203-218.
speeds, unless there exists a specialized (unexplored) population lQ(ESTER, K H., Gaska, J.P, NAGLER, M. & PoLLEN, D.A. (1985). Spatial

cells with very long temporal integration times. and temporal frequency selectivity of neurons in visual cortical areas
With these limitations in mind, the motion streak mechanisms V1 and V2 of the macaque monkejournal of PhysiologyLondon)

could potentially be very important to the visual system because 365 331-363.

; ; aNcrs, G. & Kiv, H. (1999). Motion parallel to line orientation: Dis-
they are complementary to other mechanisms. As speed increaség’ ambiguation of motion perceptBerception28(10), 1243-1255.

estimates of velocity components, and the ability to track featuresg,xpner, J.1.. ANzl A., Onzawa, I. & FREEMAN, R.D. (1999). Linear
become less reliable, while estimates of the spatial orientation of and nonlinear contributions to orientation tuning of simple cells in the
motion streaks become more reliable. Similar to the way the visual cat's striate cortexVisual Neurosciencé6, 1115-1121.

system determines an object’s depth and distance, the visual sySESLER, W.S. (1999). Motion streaks provide a spatial code for motion

. : - - direction. Nature 400, 65—69.
tem undoubtedly utilizes every available source of information toGEISLER’ W.S. & ALsrecHT, D.G. (1997). Visual cortex neurons in mon-

determine an object's direction of motion. keys and cats: Detection, discrimination, and identificativisual
Neurosciencd 4, 897-919.
GEISLER, W.S. & ALBRECHT, D.G. (2000). Spatial Vision. IrSeeing(2nd
References edition), DE VaLors, K.K., pp. 79-128. New York: Academic Press.

) . HamiLtoN D.B., ALBRECHT, D.G. & GEISLER, W.S. (1989). Visual cortical
ADELSON, E.H. & BERGEN, JR. (1985). Spatio-temporal energy models for oo ntive fields in monkey and cat: Spatial and temporal phase transfer
the perception of motionlournal of the Optical Society of America A function. Vision Researcl?9. 1285—1308.

2, 284-299.
' HAWKEN, M.J., SHAPLEY, R.M. & Grosor, D.H. (1996). Temporal fre-

ApELSON, EH. & Movston, JA. (1982). Phenomenal coherence of g ,ency selectivity in monkey lateral geniculate nucleus and striate
moving visual patternsNature 300 523-525. - cortex.Visual Neurosciencé&3, 477—-492.

ALBRECHT, D.G. & GEISLER, W.S. (1991). Motion selectivity and the  y..qpp by (1991). Nonlinear model of neural responses in cat visual
contrast-_response function of simple cells in the visual cofgsual cortex. In Computational Models of Visual Perceptioad. Lanny,
Neuroscience, 531-546. ) . M.S. & MovsHON, J.A., pp. 119-133. Cambridge, Massachusetts: The

ALBRECHT, D.G. & GEISLER, W.S. (1994). Visual cortex neurons in mon- MIT press.

key and cat: Contrast response nonlinearities and stimulus selectivit)ﬁEEGER D.J. (19923). Half-squaring in responses of cat striate calisual
In Computational Vision Based on Neurobiology, Vol. 20&d. LAw- Neu’ros'éi((enceg 21'27_443. 9 P

ToN, T, pp. 12-31. B_elIingham, Washingt_on: SPIE: . . HEEGER, D.J. (1992b). Normalization of cell responses in cat striate cortex.
ALBRIGHT, T.D. (1984). Direction and orientation selectivity of neurons in Visual Neuroscienc® 191—197
visual area MT of the macaquelournal of Neurophysiolog¥62,  pyper DH. & Wieser, TN. (1962). Receptive fields, binocular inter-

1106-1130. ; - \ . T
. L action, and functional architecture in the cat’s visual corfexirnal of
BarrLow, H.B. & Levick, W.R. (1965). The mechanism of directionally Physiology(London) 160, 106-154.

selective units in rabbit’s retindournal of Physiologyl 78 477-504. Huser, D.H. & Wieser, TN. (1968). Receptive fields and functional

BURR, D. (2000). Are “speed lines” used in human visual motigh#trent architecture of monkey striate cortelournal of PhysiologyLondon)
Biology 10, R440—-R443. 195, 215-243.

MARR, D. & ULLMAN, S. (1981). Direction selectivity and its use in early
visual processingProceedings of the Royal Society(Bondon)212,
TtA Glass pattern is an image consisting of a large number of randomly  151-180.

placed elements, where each element is a pair of dots. Although th&launseLL, J.H. & vaN EsseN, D.C. (1983). The connections of the middle

elements are located randomly, the orientation of the elements may be the temporal visual area (MT) and their relationship to a cortical hierarchy

same or may vary systematically in some fashion across the image. in the macaque monkeyournal of Neuroscienc8, 2563—-2586.




516 W.S. Geisler et al.

METHA, A.B., CRANE, A.M., RYLANDER, H.G., THOMSEN, S.L. & AL- RockLAND, K.S. & VaN HoEseN, G.W. (1994). Direct temporal-occipital
BRECHT, D.G. Maintaining the cornea and the general physiological feedback connections to striate cortex (V1) in the macague monkey.

environment in visual neurophysiology experimegdtsurnal of Neuro- Cerebral Cortex4, 300-313.

science Methodén press). RopMmaN, H.R. & ALBRIGHT, T.D. (1989). Single-unit analysis of pattern-
MOoVSHON, J., ADELsON, E.H., MARTIN, S.G. & NEwsoMEg, W.T. (1985). motion selective properties in the middle temporal visual area (MT).

The analysis of moving visual patterns. Pattern Recognition Mech- Experimental Brain Researclb, 53—64.

anisms ed.CHAGRAS, C., GATASS, R. & Gross, C., pp. 117-151. New  Ross, J, Bapcock, D.R. & HaYEs, A. (2000). Coherent global motion in

York: Springer Verlag. the absence of coherent velocity sign&srrent Biology10, 679—682.

MovVsHON, J.A., THoMPSON, I. & ToLHURST, D. (1978). Spatial summa-  SHAPLEY, R. & LENNIE, P. (1985). Spatial frequency analysis in the visual
tion in the receptive fields of simple cells in the cat’s striate cortex. ~ system.Annual Review of Neuroscien8g547-583.

Journal of Physiology{London)283 53-57. SimonNcELLL, E.P. & HEEGER, D.J. (1998). A model of neuronal responses
MovVsHON, J.A., THOMPSON, I.D. & ToLHURST, D.J. (197&). Spatial and in visual area MTVision Researcl38, 743-761.

temporal contrast sensitivity of neurones in area 17 and 18 of cat'sSmitH, A.T. & SNOowDEN, R.J. (eds.) (1994)Visual Detection of Motion

visual cortex.Journal of Physiology283 101-120. London: Academic Press.

PALMER, L.A., JonEs, J.P. & STEPNOsSKI, R.A. (1991). Striate receptive  STONE, L.S., WATsoN, A.B. & MULLIGAN, J.B. (1990). Effect of contrast
fields as linear filters: Characterization in two dimensions of space. In  on the perceived direction of a moving plaidision ResearctB0,
Vision and Visual Dysfunction, Vol. 4, The Neural Basis of Visual 1049-1067.

Function ed. LEVENTHAL, A.C., pp. 246—260. Boca Raton, Florida: vanN SANTEN, J.P.H. & SPERLING, G. (1985). Elaborated Reichardt detec-

CRC Press, Inc. tors. Journal of the Optical Society of America2A 300-321.
REIcHARDT, W. (1961). Autocorrelation, a principle for the evaluation of WALRAVEN, J., ENROTH-CUGELL, C., Hoop, D.C., MacLEop, D.LA. &
sensory information by the central nervous systemSémsory Com- ScHNAPF, J.L. (1990). The control of visual sensitivity: Receptoral and
munication ed. RoseNBLITH, W.A., pp. 303-317. New York: Wiley. postreceptoral processesMisual Perception: The Neurophysiological
RoBsoN, J.G. (1975). Receptive fields: Neural representation of the spatial ~ Foundations ed. SpiLLMAN, L. & WERNER, IS., pp. 53-101. San
and intensive attributes of the visual imageHandbook of Perception, Diego, California: Academic Press.

Vol. 5, ed. CARTERETTE, E.C. & FRIEDMAN, M.P, pp. 81-116. New  WATsoN, A.B. & AHUMADA, AJ. (1985). Model of human visual-motion
York: Academic Press. sensingJournal of the Optical Society of America2h322-342.



