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Abstract

Mammalian striate and circumstriate cortical neurons have long been understood
as coding spatially localized retinal luminance variations, providing a basis for computing
motion, stereopsis, and contours from the retinal image. However, such perceptual
attributes do not always correspond to the retinal luminance variations in natural vision.
Recordings from area 17 and 18 neurons revealed a specialized nonlinear processing
stream that responded to stimulus attributes having no corresponding luminance
variations. This nonlinear stream acts in parallel to the conventional luminance
processing of single cortical neurons. The two streams were consistent in their preference
for orientation and direction of motion, but distinct in processing spatial variations of the
stimulus attributes. The ensemble of these neurons provides a combination of stimulus

attributes with and without corresponding luminance variations.



Résumé

Depuis longtemps, on considére que les neurones des régions 17 et 18 das
mammiféres ont comme fonction 'encodage de variations lumineuses rétiniennes lociles
en espace et qu'elles forment la base des computations nécessaires dl'analyse du
mouvement, de la stéréopsie et des contours A partir de I'image rétinienne. Par conire, ces
attributs perceptuels ne correspondent pas nécessairement aux variations lumineuses
rétiniennes en conditions de vision naturelle. Des enrégistrements de neurcaes des
régions 17 et 18 ont révélés une voie spécialisée de traitment non-linéaire qui répondait
aux attributs du stimulus n'ayant aucune variations lumineuses correspondantes. Cette
voie non-lin€aire agit en parali¢le avec le traitement, plus conventionnel, de l'intensité
lumineuse par des neurones corticaux individuels. Les deux voies ont démontré des
préférences compatibles en orientation et en mouvement, mais ont demeuré distinctes

dans leur traitement des variations spatiales des attributs du stimulus.
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Statement of Original Contributions

This thesis presents studies contributing to original knowledge in visual
neuroscience. In the past 20 years, studies of the receptive tield properties of single
neurons in mammalian striate and circumstriate cortex have concentrated on elucidating
how retinal luminance variation is encoded and used for computing perceptual attributes,
such as motion, stereopsis, and contours, It has been controversial whether these neurons
can signal the perceptual attributes when no corresponding luminance variation is in the
retinal image.

Conclusive evidence is demonstrated in this thesis for the existence of neural
responses to "non-luminance” perceptual attributes in striate and circumstriate cortex,
using envelope stimuli which consist of a high-spatial-frequency luminance grating
(carrier) with its contrast modulated by a low-spatial-frequency sine wave (envelope).
The luminance variation in such stimuli corresponds to the carrier grating, but not the
envelope pattern. Nevertheless, I have demonstrated for the first time that visual cortex
neurons do respond to envelope patterns. Furthermore, this thesis describes new studies
of the spatial properties of such envelope responses, and indicates the need for a
specialized processing stream, parallel to the conventional luminance processing in single
cortical nzurons, for envelope responses. A new computational model of cortical
receptive fields is proposed and analyzed for its properties of producing envelope

responses.
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Chapter I: Introduction

Over the past two decades, studies in visual psychophysics, neurophysiology, and
computational modeling have reached a logically consistent understanding that low-level
visual processing can be modeled by a set of spatially localized filters (cortical neurons)
at every retinal location. Each filter selectively responds to only a narrow range of spatial
frequencies, and the whole ensemble performs a patch-wise spatial frequency
decomposition on the retinal image. Thus, the operation of low-level visual processing
can be understood in the Fourier frequency domain based on linear systems theory. It has
been shown that such a linear spatial frequency analysis scheme is effective in extracting
motion, and stereopsis, whenever those perceptual attributes correspond to the spatially
localized Fourier spatial frequency power spectrum of the retinal image (Marr and Poggio
1979; Graham 1980; Robson 1980; Adelson and Bergen 1985; van Santen and Sperling
1985; Watson and Ahumada 1985; Nakayama 1985; Field 1987; Blake and Wilson 1991;
DeAngelis et al. 1991). :

However, such a linear scheme cannot extract perceptual cues that are not based
on luminance variation. Conceivably, the contour of an object cannot be extracted
correctly, if the luminance variations caused by shadows and/or shadings can not be
discriminated from the luminance variations due to th: boundaries between objects. In
other words, in natural vision the perceptual cue does not always cotrespond to the
luminance variation. Nonlinear processing is required for these visual tasks. This chapter
will review the computational modeling and the psychophysical studies of visual
processing, based on linear (Fourier) mechanisms and nonlinear (non-Fourier)

mechanisms.

Fourier Mechanisms

One major issue in visual information processing is how the visual system



extracts and represents the information from input signals. A simple representation of the
input signal is the Fourier series. For example, a one-dimensional spatial luminance

profile I(x) can be represented by a linear sum of sine-waves in quadrature pairs:
I(x) = L7, lagos2rix/w) + o;sin(2rix/w)]

in which "w" is the width of the visual field in visual angle, and a, and b, are free

parameters.

However, a "good" representation should capture the statistical structure of the
input signal, i.e. the representation is not only comprehensive, so that the representation
can register all possible input signals, but also reliable, so that the representation can
signal those statistically frequent features with a good toleration to noise in the input.

A Fourier frequency series representation can be understood as a point sampling,
by pairwise sine-waves of quadrature phase, in the Fourier frequency domain of the
visual input, whereas each of the frequency sarnpling points represents information across
the whole spatial visual field. Such a representation is "good" for visual inputs that are
statistically uniform (stationary) in frequency across the spatial visual field, but not
uniform across spatial frequency. In other words, the visual inputs are local in frequency
but global in space. One example is a bird's view of a forest.

A very different representation is the pointwise sampling in the spatial visual

field. For example, a one dimensional sampling can be:
1(x) = E o k; 8(x-i w/N)

in which N is the number of sample points, k; are free parameters, w is the width of the
visual field, and 8(x) is the point function defined as equal to zero everywhere except at
the origin. Such a spatial point-sampling scheme is "good" for visual inputs with
statistically uniform frequency content in every spatial locality, but not uniform across
the spatial visual field. In other words, the visual inputs are local in space but global in
frequency. One example of such a visual input is a clear night sky with stars.

However, the natural visual world is rich in local spatial features, such as contours



of objects, trunks of trees, and edges of leaves. On the other hand, single objects in the
natural visual world tend to occupy a limited range of spatial frequency; the spatial
frequency content of a sandy beach is very much different from that of a cloudy sky, or
that of a forest. Thus, the statistics of natural visual inputs has rich features in local space
and the Fourier frequency domains (Field 1987, 1989).

Indeed, the responses of neurons in mammalian early visual cortex to visual
stimuli are localized in space and in spatial frequency; single neurons have limited
receptive field sizes and respond only to a limited range of spatial frequencies when
tested by single sine-wave luminance gratings (Campbell et al 1969; Maffei and
Fiorentini 1973; Tolhurst and Movshon 1975; Movshon et al. 1978a,b,c; Pollen and
Ronner 1983; Heggelund 1986; De Valois et al. 1982, 1988; Jones et al, 1987a,b,¢; Baker
1990). The spatial frequency domain description of a neuron is in close agreement with
the space domain description for simple cells and for subunits in complex cells (Movshon
et al. 1978a,b). Testing neurons with stimuli composed of multiple spatial frequency
components further confirmed that a given neuron's responses to visual stimuli can be
explained by its spatial frequency selective range when the frequency content of the
stimuli is near the cell's luminance spatial frequency passband (Maffei et al 1979;
Albrecht and De Valois 1981; Pollen and Ronner 1982; Movshon et al 1985).
Furthermore, neurons differ in their optimal spatial frequencies, which scale to the sizes
of their receptive fields, and the whole ensemble of neurons are generally thought to
cover the whole spatial frequency range visible to the visual system (Movshon et al
1978c¢; De Valois et al 1982). These neurophysiological results support a representation
scheme in which the responses of neural units (basis functions) are local in both space
and spatial frequency domains, and the spatial sizes of the units scale with their optimal
spatial frequency which spans a wide range.

The power of such a representation has been demonstrated in analyzing visual

motion information derived from retinal luminance variation (Adelson and Bergen 1985;



. van Santen and Sperling 1985; Watson and Ahumada 1985).
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FIG.1 An illustration for considering motion energy in the Fourier power

spectrum of stimuli

Fig.1 shows a power spectrum in the spatiotemporal frequency domain for some
simple motion stimuli (only one spatial dimension is considered). The abscissa is spatial
frequency, and the ordinate is temporal frequency. Filled symbols indicate that the
energies at those spatiotemporal frequency locations are not zero. A left-ward drifting
sinusoidal grating with spatial frequency f; and temporal frequency f, is represented by
the pair of points in quadrants I & III (upper-right quarter & lower-left quarter of Fig.1).
The points in quadrants I & IV (upper-left quarter & lower-right quarter) represent a
right-ward drifting grating, and the points on the spatial frequency axis represent a
stationary grating at spatial frequency f;. A contrast reversing sinusoidal grating can be
decomposed into two sinusoidal gratings with the same spatiotemporal frequency but
drifting in opposite directions, represented by the four points in the four respective
quadrants. A basic property of the two-dimensional Fourier transform is that quadrant I is
always symmetrical to III, and Il is always symmetrical to IV for any physically
realizable visual stimuli, since visual stimuli always take a real value (i.e. never

. imaginary). The operation of motion detectors, such as the Elaborated Reichardt Detector



(ERD) (van Santen and Sperling 1985) and the "energy model” (Watson and Ahumada
1985}, can be understood as comparing the energy of each point in quadrants 1 & {11 with
that in IT & IV. If the energy in quadrants [ & Il is larger than that in Il & 1V for every
point, a left-ward motion is seen, and vice-versa, If the energy comparison shows I & 111
larger at some points, but smaller at others, an interpretation rule is required. Either way,
the result of energy comparison forms a basic substrate of motion information for higher
level motion processing, such as velocity discrimination, motion parallax analysis, figure-

ground segregation from motion, and shape from motion (Dosher et al. 1989).

-Fourigr nism

In spite of the success in describing motion in the Fourier spatiotemporal
frequency domain, motion perception can be produced by stimuli without directionally
biased Fourier energy ("non-Fourier" motion). In a formal mathematical analysis, Chubb
and Sperling (1988, 1989) defined a class of motion stimuli that could not be detected by
the ERD models, and named them "microbalanced” motion stimuli. In order to detect
these microbalanced motion stirnuli, a point-wise nonlinear process was added to the
ERD before the stage of correlational operation (Chubb and Sperling, 1988, 1989). A
point-wise process is a zero memory transformation, i.e. the transformed value at any
space-time point is only related to the value at this point before the transform. The
mathematical definition of a pointwise transform is:

f(x,y.t) = Tli(x,y.t)]
where T[] is the point-wise transform, i(x,y,t} is the luminance value of the stimulus (x, y,
spatial coordinates; t, time}, and f(x,y,t) is the result of the transform. This nonlinear
processing can convert the motion from microbalanced into non-micro-balanced. Then
the correlational operation (ERD) will be able to detect this motion.

Three types of microbalanced motion were demonstrated by Chutb and Sperling

(1988, 1989): 1) motion of a contrast modulation pattern, 2) motion of a contrast-



. reversing pattern, and 3) motion of alternating texture quilts (Chubb & Sperling 1989).

A B Envelope

Noise carrer Noise carrier
FIG.2 An illustration of how to construct a contrast modulation stimulus
with a white noise carrier. A: the spatial luminance profile of a noise. B:
the spatial luminance profile of the stimuli. The dashed lines are the spatial

profile of the contrast modulation.

In the case of contrast modulation stimuli (Fig.2), ccntrast is spatially modulated
sinusoidally at a relatively low spatial frequency (envelope in the right figure), while the
carrier is a random noise produced by small pixels (left figure). The noise carrier could be
either dynamic or stationary. The "motion" perceived in the stimulus is the moving
contrast modulation pattern.

Why is this stimulus microbalanced? An intuitive understanding is:

Stimulus = Carrier x Envelope
In the Fourier domain:
F(Stimulus] = F[Carrier] ® F[Envelope]
where [F[] is the Fourier transform operator, and ® is the convolution operation. The
multiplication in the space domain is equivalent to convolution in the Fourier domain. An
. intuitive understanding of this stimulus being microbalanced follows from noting that the

convolution merges the energy of the envelope pattern with that of the carrier. Because



the power spectrum of the carrier is broad-band and balanced in the two motion directions
(due to its randomness), the merging of the two by convolution results in a power
spectrum balanced in the two directions.

Chubb and Sperling's idea of detecting this kind of microbalunced motion is to
convert these stimuli into non-microbalanced stimuli by a nonlinear transform, and then
feed the output into the ERD, a conventional motion detector model. An "even-symmetric
nonlinear" transform is required to perform this nonlinear transformation (see the section,
"Computational Requirement for Envelope Nonlinearity" later in this Chapter). One good
example of such a nonlinearity is half-wave rectification.

One variant of the contrast modulation stimuli is the "envelope stimulus”, in
which the carrier is a stationary high-spatial-frequency luminance grating and the contrast
modulation pattern is a moving low-spatial-frequency sine-wave. Strictly speaking,
envelope stimuli are not exactly microbalanced (see below); however, there is no Fourier
energy at the envelope spatiotemporal frequency, although a vivid periodicity is
perceived at this spatiotemporal frequency. Thus envelope stimuli have a common feature
with microbalanced motion stimuli: the perceptual attributes of the stimuli are not defined
in the Fourier frequency domain. A later part of this chapter will provide an extersive
review of human psychophysical studies using envelope stimuli.

In the case of contrast-reversing microbalanced stimuli, the perceived motion is
produced by a traveling wave of contrast reversal, applied to a stationary noise carrier
("stationary" here means the noise pattern is not changing in time), or by a moving bar
with its contrast randomly reversed from time to time. The contrast-reversing
microbalanced stimuli can also be constructed by a multiplication of a stationary carrier
with a moving envelope. In the case of contrast-reversal with a noise carrier, the carrier is
stationary noise and the envelope is a moving square-wave with its peak equal to +1 and
its trough equal to -1. For the contrast-reversal moving bar stimuli, the carrier is a

stationary binary noise with values at either +1 or -1, and the envelope is a moving bar,



Similar to the contrast modulation microbalanced stimuli, the contrast-reversing stimuli
are microbalanced because of the convolution operation in the Fourier domain between
the carrier and envelope. A temporal derivative operation followed by an even-symmetric
nonlinearity is sufficient to convert these stimuli into non-microbalanced motion (Chubb
and Sperling 1988, 1989), which can then be detected by a subsequent ERD model.

In the case of "alternating texture quilt” motion, stimuli are composed of two
texture patterns (quilts) alternately exposed in space. A spatial sine-wave grating
determines the probabiiity of which quilt gets exposed, such that the peak of the sine-
wave will select one quilt and the trough selects the other. Consequently, along the
alternating peaks and troughs of the sine-wave, alternating patches of the two texture
quilts are exposed. The boundary between any two adjacent patches of quilts is merged
by the random selection of the two quilts determined by the sine-wave probabilistic
function. The two texture quilts are a pair of spatial patierns with very different spatial
and/or tempora! frequency components. For example, one quilt might be a flickering
uniform field (zero spatial frequency and high temporal frequency), and the other a
siationary high spatial frequency square wave grating (high spatial frequency and zero
temporal frequency) (Chubb and Sperling 1989). The motion of the sine-wave
probabilistic grating has no corresponding Fourier energy, although the motion is
perceived vividly by human subjects. A spatial "texture-grabbing filter” is required before
the even point-wise nonlinear processing in order to convert such a microbalanced
stimulus into a non-microbalanced one. Although Chubb and Sperling did not define the
spatial texture-grabbing filter in their 1989 paper, the basic requirement of this filter is
clear: this filter should be able to discriminate one quilt from the other. For example, a
high spatial frequency tuned filter is sufficient in the above example. Filters whose
receptive fields are on high spatial frequency patches would respond strongly while those
on low frequency patches would have almost zero response. Thus the output of these

filters would form a contrast modulation pattern. The subsequent nonlinear process will



)

convert this output into a non-microbalanced motion pattern,

One variant of the texture quilt motion stimuli is the moving anomalous contour
produced by abutting gratings (von der Heydt and Peterhans 1989; Grosof et al. 1992), in
which the two texture quilts are defined in two dimensional space as two stationary
gratings identical in every respect but spatially displaced in opposite phase. A traveling
step function, oriented orthogonally to the gratings in the quilts, with binary values of +1
or -1, determines which texture quilt is exposed for a given spatiotemporal point, such
that +1 will select one texture quilt and -1 the other. Candidates for texture grabbing
filters for the anomalous contour stimuli are a non-oriented band-pass spatial frequency
filter or an oriented band-pass filter with the same orientation as the abutting gratings
{(Wilson et al. 1992).

The detection of these three kinds of microbalanced motion stimuli share the same
kind of nonlinear process, i.e. the even-symmetric point-wise nonlinearity. The difference
is that the detection of the contrast modulation does not require any early linear processes
before the nonlinearity, while the others need an early linear temporal filtering for the
contrast reversing stimuli or spatial filtering for the texture quilt stimuli. To construct a
minimal systern for detecting all three kinds of microbalanced motion requires a three
stage computation: a spatiotemporal filtering with DC response, a point-wise
nonlinearity, and a late, energy-based direction-selective filter, such as an ERD (Chubb
and Sperling 1989). It will be shown in later chapters that a special processing stream in
receptive fields of early visual cortical neurons has the potential to respond to all these

microbalanced stimuli.

Another version of non-Fourier motion stimuli is the moving plaids composed of
two drifting luminance gratings at different orientations. The coherent-motion direction
of a plaid stimulus is determined by the rule of "intersection of constraints" (IOC)

(Movshon et al 1985), although there is no Fourier energy moving in this direction. A
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computational model was proposed by Wilson et al (1992) to explain the perceptual
effects of type II plaids® in detecting the direction of the pattern motion, such as the
deviation of perceived direction from the 10C prediction, poorer direction discrimination
for type I plaids than type [ plaids, and the dependence of the perceived direction of
plaid motion on the stimulus duration. This model includes a nonlinear processing stream
parallel to a linear stream; a combination of these two streams produces a directional
response that is consistent with the perceived direction of plaid motion. The nonlinear
stream in this model consists of a three-stage computation: an early filtering, a
nonlinearity, and a late filter. Although this three-stage nonlinear model has the potential
to respond to all microbalanced motion stimuli, it will be shown later that the neural
mechanisms for processing plaid motion and microbalanced stimuli might be different.

This issue will be discussed further in the last chapter (General Discussion).

Envelope Stimuli
While the practice of designing microbalanced motion stimuli opens a large
battery of stimuli which motion detectors based on left-right energy comparison of the
stimuli are blind to, there is presently little understanding of the mechanisms for the
visual system to detect these stimuli. However, an extensively-studied phenomenon in
psychophysics, "envelope detection", may help to understand the microbalanced motion
detection. An envelope stimulus is produced by a sinusoidal high-spatial-frequency
luminance grating (carrier) with its contrast modulated by a relatively low-spatial-

frequency grating (envelope), i.c.
I(x)=Ly (1 + A sin(2r £.x) [ 1 + m cos(2r f.x) ]/2}

=L, {1 + mA/4 sin[2x (f-f.)x] + A/2 sin(2x f.x)
+ mA/4 sin[27n (f +f,)x])

* The type I plaids have a motion vector which lies between the motion vectors of the two components,
whereas the type II plaids have a motion vector which is not between the two components’ vectors,
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in which I(x) is the luminance profile of the stimulus, L is the mean luminance, A is the
contrast, m is the modulation depth of the envelope (which satisfies 0 £ m < 1),
sin(2r £x) is the carrier grating, and cos(2r f,x) is the envelope gruting. Note that f,
should be much larger than f,. The Fourier frequency composition of an envelope
stimulus consists of four components: a DC component, a low side-band (f-f,), a middle
component (f.), and a high side-band (f_+f,). There is no Fourier component at the
envelope spatial frequency (f,), although human subjects experience a vivid perception of
periodicity at this frequency. A nonlinear transform of I(x) is needed to produce a Fourier
component (envelope component) at the envelope spatial frequency and phase, so that
subsequent visual processing can respond to envelope stimuli based on such envelope
components.

Consider a logarithmic luminance transformation {log()} of the above envelope
stimuli. The output is:

log [1(x)] = log L + log[1 + f(x)].
in which

f(x) = Asin(2r £ x) [ 1 + m cos(2x f.x) ]

=2 {m sinf2r (£-£)x] + 2 sin(2m £x)
+ m sin[2x (f+f.)x]) (Eq.1).

Clearly, the mean luminance (L) is not a relevant factor in analyzing how this log
transform produces an envelope component; the relevant part is the transform of
log(1+{(x)).

To generalize the above discussion, consider an intensive {pointwise) nonlinear
transform T(), operating on the luminance profile of the envelope stimuli I(x), i.e.:

T(I(x)} = T{Ly[1+f(x)]}.
By translating the origin and rescaling the input, T() can be converted into T'()

T'{y} = T{(y-Lo)/Ly} (y, input function)

without affecting any properties of the transform relevant to producing an envelope



component. Clearly, T'() only operates on f(x). By such a conversion, the mean

luminance L, can be eliminated from further analysis of how nonlinearity produces

envelope components from the stimuli and how the visual system detects the envelope

modulation.
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FIG.3 An illustration of envelope stimuli. A: the spatial luminance profile

of the stimuli. B: the spatial power spectrum of the stimuli.

Fig.3a shows the space luminance profile of the stimulus f(x) at a particular
moment in time. The solid curve is the stimulus, and the dashed curve is the envelope

pattern. Fig.3b shows the spatial frequency spectrum of this stimulus. There are three
components in the spectrum, at frequencies (f.-f,), £, and (f_+f,), without any Fourier

energy at the envelope frequency, f,.

Another frequently used version of envelope stimuli is a "beat” between two sine-

waves of similar spatial frequencies:
f,
f(x,t) = A sin(2x f.x) cos(2n 5“ X)

f, f
= A sin[2m (£, - 5) x] + A sin[2m (f, +5) x] (Eq.2)
where f is much larger than f,. The sin(2n £ x) works as a carrier grating, while
f
cos(2n §°x) works as an envelope modulator. Since it changes back and forth between

positive and negative in each cycle, the actual envelope frequency is f,.

12
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FIG.4 An illustration of "beating" stimuli produced by a sum of two sine-

Waves.

Fig.4a and b shows the space profile and the spatial frequency spectrum of this
stimulus respectively. Again, there is no component at the envelope frequency f,
although the visual system sees this pattern clearly. There are numerous versions of
envelope pattern that can be produced by combinations of gratings. All of these versions
share the same fact that subjects can easily identify the contrast modulation pattern in the
stimulus while there is no energy at the frequency of the modulation pattern.

Strictly speaking, the envelope motion stimulus (in which the carrier grating is
stationary and the envelope moves) is not a true microbalanced motion stimulus. For a
moving envelope stimuli with stationary carrier, defined as:

f(x,t) = A sin(2r fx) [ 1 + m cos(2x fx + 27 fit) ]

=7+ A sin[2m (i;-f)x - 20 £4] - A sin(2m f.x)
+ o Asin[2m (f+f)x + 2m fit] (Eq.3)
the motion energy does not exactly cancel at all the spatiotemporal frequencies. There are
three Fourier components: a low-spatial frequency side-band [{f.-f,), -f,] moving in the
opposite direction of the envelope, a stationary grating [f,,0], and a high-spatial-

frequency side-band moving in the direction of the envelope [(f +f,), f].
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FIG.5 An illustration of the spatiotemporal power spectrum of an leftward

moving envelope stimulus.

Fig.5 illustrates the spatiotemporal frequency spectrum of a left-ward moving
envelope stimulus defined by Eq.3. It is evident that this stimulus is, strictly speaking, not
a microbalanced motion stimulus since the power spectrum of left-ward and right-ward
motion (quadrants I&III and 11&1V) is not exactly the same. However, what an observer

sees is not two gratings drifting in opposite directions and a stationary grating with spatial

frequencies (f +f,), (f.-f,), and f_ respectively. Subjects see the left-ward envelope motion
at a low spatial frequency f,, (open circle in Fig.5), which does not exist in the power
spectrum of the stimulus. To detect this envelope pattern, an even point-wise nonlinear
processing is required. The computational requirement for a nonlinear process to detect
the envelope pattern is the same as for the contrast modulation pattern in the
microbalanced stimuli. It seems very likely that these two detection tasks also share the
same mechanism in the visual system. The envelope motion stimuli presented by gratings
can be considered as a quasi-microbalanced motion stimulus, in the sense of having the
same computational requirement and possibly the same mechanism for detecting

envelope motion and contrast modulation motion in microbalanced stimuli. The envelope

14



stimulus using a grating as the carrier is very useful because it is easy to generate and has

only three Fourier components.

ir v
The first issue that needs to be considered in envelope detection is the
computational requirement for the nonlinear transform to reveal the envelope pattern in
the stimuli. A full-wave rectification process is one way to do this job. Let's examine this
process and then generalize the result. The full-wave rectified envelope stimulus of Eq.1
is:
R(x) = | A sin(@x £.x) [ 1 +m cos(2r £,x ) ]|
=A |sin@n £x)| [ 1 +m cos(2r £,x) ]
=A[C+ 2:;1 a, sin(dnx £.x)] [ 1 + m cos(2x £,x) 1
in which {a,} is the coefficient series of the Fourier expansion for the full-wave rectified
carrier grating, and C is a constant which in this example is equal to 2/x. The output of
this nonlinear processing will have a component of {mAC cos(2r fx)}, which represents
the envelope modulation pattern in the original stimulus (Eq.1). If the envelope pattern
moves, this component moves accordingly. By feeding the output of this nonlinear
process into the ERD, the envelope motion can be detected from this component. Thus
this component can be considered as the effective stimulus of the envelope pattern for the
given nonlinearity, since it is this component, feeding into the subsequent visual
processing, that produces the perceivable envelope pattern. In some psychophysical
literature, this component is called a “distortion product”. However, the term "distortion
product” was taken from the idea which attributed this component to the result of some
"trivial" nonlinearities in the visual system, due to biological imperfection. Instead,
evidence will be presented in the following chapters that a specialized nonlinear
processing stream is used in the visual system to detect envelope information. Perhaps a

better name would be "envelope component", instead of "distortion product”, although in



the discussion of validity of the "early nonlinear hypothesis" (see below) I will continue
using "distortion product"” since this term is appropriate in that context.

Examining the composition of envelope component {mAC cos(2r f x)} indicates
that an envelope-responsive nonlinearity should be able to produce a non-zero constant
(C) from the carrier grating. Consider any continuous point-wise transformation function
T(), which is smooth everywhere except the origin; it can be decomposed into:

T(a) = T (o) + Ty(ax)
where T (o) is an even-symmetric function, and T (ct) is odd-symmetric:

Te(or) = [T(o)) + T(-0)]/2 = T ,(-ex)

To(o) = [T(e) - T(-e}]/2 = -T(-t)

It is easy to prove that only T () produces a non-zero constant (C) from the carrier

grating, not T (o). In other words, only a point-wise transform with an even-symmetric

part can produce an envelope component. A formal proof of this statement is provided in
Appendix A of Chapter IV for a broad family of pointwise transform functions, which
includes the nonlinear functions commonly considered in the psychophysics literature:
the logarithmic transform (Burton 1973; Henning et al. 1975; Nachmias and Rogowitz
1983), half-wave rectification, full wave rectification (Chubb & Sperling 1988 1989), and
the square transform T(a) =d o? (Derrington & Badcock 1985; Derrington 1987). The
latter two examples do not have any odd-symmetric components.

The general requirement of nonlinearity for envelope detection may be extended
to the detection of contrast-modulated microbalanced stimuli. The rigorous mathematical
derivation of this extension is complicated. However an intuitive understanding is
obvious. Both envelope stimuli and contrast-modulated microbalanced stimuli are types
of amplitude-modulation stimuli. The only difference is that they use different carriers, a
high spatial frequency sinusoid for envelope stimuli and noise with small pixels for
microbalanced stimuli. Both types of stimuli do not have energies representing the

moving modulation pattern in their frequency power spectrum. Thus they should have the

16
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same computational requirement of the nonlinearity to detect them.

Psychophysical Studies of Envelope Detecti
Until the discovery of envelope-responsive cells in mammalian visual cortex
presented in this thesis (Chapters 2-4), the mechanism for envelope detection in the visual
system had long been a puzzle. The results from psychophysical research on envelope
detection suggested three possibilities: 1) an "early nonlinearity" at the front end of the
visual system (Burton 1973; ). 2) a "two-stage hybrid" processing in early visual cortex
(Henning et al. 1975), and 3) a "separate mechanism" at a late stage of visual processing
(Derrington and Badcock 1985). The following is a review of psychophysical studies

involving these three hypotheses.

Early nonlinear hypothesis

The early nonlinear hypothesis says that the detection of envelope stimuli is due
to a nonlinear transformation earlier than the spatial interactions which define the shapes
of the modulation transfer function (MTF) and spatial frequency adaptation function
{Burton 1973). Presumably, such a nonlinear stage should happen at the photoreceptor
level, or an early retinal processing stage (Burton 1973; Sekiguchi et al 1991; MacLeod et
al. 1992, 1993; Chen et al 1993). Hence this nonlinear transformation was considered as a
distortion due to biological imperfections, and the envelope component in the output was
referred to as a "distortion product”. Other variants of early nonlinearity also exist, such
as nonlinearities in X-retinal ganglion cells and in X-LGN cells* (Hochstein and Shapley
1976a,b; So and Shapley 1981). The subsequent visual processing must deal with a sum

of the linearly transduced stimulus and the nonlinear distortion product.

* Nonlinearities in Y-cells' subunits (Hochstein and Shapley 1976b) may not be considered as carly
nonlinearities, because it is not clear how these subunits contribute to the receptive field structure of
cortical cells. In the discussion of Chapter IV, the possibility of such Y-subunits contributing to non-Fouricr
responses of cortical ncurons is presented.
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Although a photoreceptor nonlinearity has been convincingly observed in the
retina (Burton 1973; Sekiguchi et al 1991; MacLeod et al. 1992, 1993; Chen et al 1993),
it is important to notice that such a nonlinearity was demonstrated under a specialized
condition: the stimulus was generated by interference fringes that bypass the optics of the
eye to achieve extremely high contrast in the retinal image. Under these stimulus
conditions, the photoreceptor cells were likely operating outside of their linear response
dynamic range. With nawral optics, the actual stimulus contrast on the retina is
significantly attenuated. For the X-cell's nonlinearities, they have been found mostly at
low-spatial-frequencies (Hochstein and Shapley 1976a,b; So and Shapley 1981), and can
be eliminated by pairing on and off cells in push-pull fashion (Derrington 1990). The
following review reports psychophysical studies which argue against this early
nonlinearity hypothesis in explaining envelope detection under normal viewing
conditions (with natural optics).

Three major predictions can be drawn from the early nonlinear hypothesis for
psychophysical studies: 1) because the distortion product of an envelope pattern and of a
luminance grating are processed in the same manner in the visual system after the early
nonlinearity, the detection of envelope and luminance gratings should have similar
properties, such as similar contrast sensitivity functions, dependence on temporal
frequency, adaptation effects, motion aftereffects, and velocity discrimination; 2)
envelope and luminance grating stimuli should interact if superimposed in visual tasks,
for example, showing mutual masking effects; and 3) the effect produced by an envelope
pattern should be canceled by a luminance pattern equal to the distortion product but in
opposite phase.

In contrast to the first prediction, different dependences on temporal frequency
have been observed for envelope and luminance detection (Derrington and Badcock
1985; Turano and Pantle 1989). Furthermore, envelope detection was shown to be based

on the local contrast increment (equivalent to the depth of the envelope modulation) in
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the stimuli rather than the absolute amount of distortion product, which is determined by
both the carrier contrast and the modulation depth (Derrington and Badcock 1986, also

inconsistent with the early nonlinearity hypothesis.
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FIG.6 An illustration of the stimulus paradigm for the masking study.

Although mutual masking effects were observed between envelope and luminance
detection (Henning et al 1975; Nachmias and Rogowitz 1983), it will be argued that an
explanation from the early nonlinear hypothesis is only qualitative, but fails
quantitatively. Fig.6 illustrates the stimulus paradigm for the masking study. Mutual
masking effects between envelope stimuli and luminance grating stimuli were studied by
measuring the detection threshold of an envelope pattern under the presence of a
supprathreshold luminance grating, or vice-versa. Four combinations of luminance
gratings and envelope stimuli were used: £90° phase (+sine phase, Fig.6A), 0° and 180"
phase (Zcosine phase, Fig.6B). These human psychophysical studies have shown that the
mutual masking effect is stronger when a luminance grating is combined with an
envelope stimulus in sine phase than when in cosine phase (Henning et al. 1975;

Nachmias and Rogowitz 1983).



A distortion product would be at either 0° or 180° phase relative to the envelope
pattern, depending on whether the even-symmetric part of the nonlinearity is positive or
negative (see Appendices A and B in Chapter IV). According to the early nonlinear
hypothesis, when the luminance grating is combined with the envelope stimulus, either
in-phase or in anti-phase (cosine phase in Fig.6B), the contrast {C,;;,,) of the effective
stimulus is the arithmetic sum of the contrasts of the distortion product (C,,) and the
luminance grating (C,,,,), i.e.

Cstim = Gl £ Cygt !

Detecting a luminance grating under a masking envelope stimulus relies on the contrast
increment of the combined stimulus (1C;,,,+Cy,l) from the distortion product (C,,). The
opposite is also true for detecting an envelope stimulus on a masking luminance grating.
On the other hand, when the luminance grating is added in quadrature phase (sine phase
in Fig.6A), the effective stimulus contrast is determined by the trigonometric summation
of the luminance grating and the distortion product, i.e.:

CoimSin(2Zrfx + @) = Gy sin(2nf x) £ Cy, cos(2nf,x)
in which ¢ is the phase of the resultant sine wave. It is easy to prove:

Cstim = \I Clzurrl + Cczlsl
and G, - Cyad < Cgi < (Crum + Cusl)-

Similar to the in- or anti-phase condition, detecting the stimulus signal under a mask
relies on the contrast increment of the combined stimulus (Cg;,,) from the mask (C),,,, or
Cysy)- Clearly, the contrast increment in the quadrature condition is less than that in the
in- or anti-phase conditions for given contrasts of luminance grating and envelope
stimulus; thus the early nonlinear hypothesis qualitatively explains why the mutual
masking effect is stronger for quadrature phases conditions than for in- or anti- phase
conditions.

However, quantitative assessment of the early nonlinear hypothesis in mutual

masking studies suggests the failure of such a hypothesis. If the early nonlinear



hypothesis is correct, the masking experiment provides a method to estimate the amount
of distortion products from the envelope stimulus, which in tumn can be used to infer the
extent of an early nonlinearity. Because this early nonlinearity would also distort the
luminance gratings, a second harmonic should be generated from a luminance grating,
and should produce a masking effect on the detection of another luminance grating
having twice the spatial frequency of the envelope stimulus. Experimental assessment
showed negligibly little such second harmonic luminance grating masking effect
comparing to the estimated 2nd harmonics (Henning et al. 1975), leading Henning et al
(1975) to reject the early nonlinear hypothesis.

Perhaps the most convincing psychophysical evidence against the early
nonlinearity hypothesis for envelope detection is that no luminance gratings have been
found to cancel the hypothesized distortion products from the envelope stimuli, Using a
direction discrimination task with envelope displacement, Badcock and Derrington
(1989) could not find a luminance grating to null the hypothetical distortion product from

the envelope stimuli,

Henning et al’s two-stage hybrid model

The failure of the early nonlinear hypothesis suggests that the envelope and
luminance stimuli might be processed separately in the visual system. Henning et al.
(1975) proposed a "two-stage hybrid model" in which the narrow-band low-spatial-
frequency selective units in visual system receive inputs not only from luminance
elements, but also inputs from the narrow-band high-spatial-frequency tuned units
(Fig.7). The input from the luminance elements produces a low spatial frequency tuning
for sinewave luminance gratings, while the input from the high-frequency units allows
detection of an envelope pattern. By filtering the spatial profile of the response activity of
these high-frequency units, the low-frequency units are able to respond to the envelope

modulation. The nonlinearity is only necessary when the high-frequency units' output is
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converted into activity® , and fed into the low-frequency envelope detection units, After
the envelope pattern is detected and combined with the low spatial frequency luminance
information in the envelope detection units, the envelope is processed in the same way as

signals from luminance elements.

NG

Luminance Element:

FIG.7 Illustration of Henning et al's Hybrid model. Circles with letter
indicates the narrow-band spatial frequency selective units in visual
system. Letters 'L’ and 'H' indicate the low- and high-spatial-frequency

selective units.

Unlike the early nonlinear hypothesis, envelope stimuli are processed separately
from luminance grating stimuli in the hybrid model. An additional process is needed for
envelope stimuli: the high-spatial-frequency selective units which register the Fourier
components in the stimuli. Responding to both envelope stimuli and luminance gratings,
the low-spatial-frequency selective units combine information from luminance elements
and the activity profile of the high-frequency units. The nonlinear process is needed for
extracting the activity profile of the high-frequency units. It was speculated by Henning et
al. {1975) that these low-spatial-frequency selective envelope detection units might be

neurons in visual cortex. In this model, envelope detection is a functionally important

* The difference between "output” and "activity” ir this thesis is that the activity treats the responses from
on and off cells in the same way, while the ourput treats the responses from the off cells as negative
responses, if we assume the visual system uses pairs of on/off cells in a push-pull fashion to cancel out the
nonlinearity produced by rectification in the cell's response.



process, not due to some nonlinearities resulting from biological imperfection. The
differences in temporal properties between envelope and luminance grating detection
(Derrington and Badcock 1985) can be attributed to the temporal property differences in
the two separate processes of the first stage; the mutual masking effect between envelope
and luminance gratings (Henning et al 1975; Nachmias and Rogowitz 1983) is readily
explained by the combination of the envelope and luminance information at the second
stage.

The hybrid model was (seemingly) rejected by an early neurophysiological study
in the striate cortex of both cat and monkey (Albrecht and De Valois 1981). Using
envelope stimuli with a fixed ratio of 5:1 for the carrier spatiotemporal frequency to the
envelope's, they found none of their 24 cells responded to such envelope stimuli when all
three Fourier components were all outside of the cell's luminance passband. It will soon
be clear in the following three chapters that such an envelope stimulus paradigm was not

optimal for finding envelope-responsive cells, especially with so small a sample size.

Separate mechanism hypothesis

Although envelope-responsive cells in the striate and circumstriate cortex were
discovered in this thesis work, psychophysicists were previously discouraged in
supporting the hybrid model , due to Albrecht and De Valois' (1981) report. An
alternative hypothesis was proposed, the "separate mechanism" hypothesis (Derrington
and Badcock 1985). This hypothesis suggests that the envelope patterns are processed
separately at a very "high level"”, possibly at a similar level of the "long-range process"”
proposed by Braddick (1974) for motion detection. Such a high level process responds to
the activity profile of high-spatial-frequency selective cells in the early visual cortex to
detect the envelope modulation pattern.

The major change in the separate mechanism hypothesis from the two-stage

model is that the stage for envelope detection is postponed to a higher level. This change
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creates a problem to explain the mutual masking effect between envelope and luminance
grating detection, because the luminance and envelope information is processed
separately, i.e. low level visual cortex for luminance and high level for envelope
information. Derrington (1987) suggested that the mutual masking effect might take place
at the LGN level, due to certain kinds of nonlinearity observed in X-type LGN cells, such
as rectification and squaring.

However an X-cell's nonlinearity would still be a kind of "early nonlinearity”
before the narrow-band spatial frequency selective filtering, which has been rejected
before. Also, in order to produce narrow-band spatial frequency selective responses in
neurons of striate and circumstriate cortex, the nonlinearities at the LGN level should be
eliminated in the cortex, possibly by on/off X-cells organized in a "push-pull" fashion
(Derrington 1987, 1990). Thus, it is not clear how any mutual masking effect between
envelope and luminance gratings could be produced by the nonlinearities at the LGN
level, if such nonlinearities are then canceled at the cortical level; the mutual masking

effect is still unexplained by the separate mechanism hypothesis.

iew of Following Chapter

Chapter Two is a brief report in Science, of the major findings in this thesis work.
Chapter Three demonstrates extensively the basic phenomenon of envelope responses
recorded in area 17 and 18 cells of the cat, with many control experiments that insure the
recorded envelope responses are not artifactual. Several general properties of envelope
responses are also reported with a comparison to the cell's luminance grating responses,
such as orientation selectivity, direction selectivity, and depth of temporal modulation in
the responses to drifting stimuli. Chapter Four presents the spatial properties of envelope
responses, such as the dependences on the envelope and carrier spatial frequencies, the
separability between these two dependences, and the distribution of the optimal carrier

and luminance spatial frequencies among neurons. These spatial properties indicate that
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the processing of non-Fourier aspects of visual information could be as early as striate
and circumstriate cortex. The neural response to envelope stimuli cannot be explained by
simply adding an early nonlinearity before the narrow-band spatial frequency filtering of
cortical neurons. A specialized processing stream is required in the receptive field of cells
for envelope information, in paraliel to the conventional luminance processing stream, A
three-stage computational model is proposed, with an extensive computer simulation, to
model the envelope responsive streant: an early narrow-band spatial frequency selective
filtering, a pointwise nonlinearity, and a late spatial frequency filtering,

It will be indicated in the fifth chapter that although the proposed three-stage
computational model is based on neurophysiological data using envelope stimuli, this
model could also provide responses to other non-Fourier stimuli, such as contrast
modulation patterns carried by noise, moving texture quilt stimuli, traveling contrast
flicker patterns on noise, and anomalous contours produced by abutting gratings. This
generalization indicates a fascinating hypothesis to be tested in the future: that the
envelope-responsive neurons in early visual cortex may provide a neural basis to

represent the non-Fourier aspects of visual information for subsequent visual processing,
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A Processing Stream in Mammalian Visual Cortex
Neurons for Non-Fourier Responses

Yi-Xiong Zhou and Curtis L. Baker, Jr.*

Mamrnalian stnate and circumstnate comical neurons have long beenunderstood as coding
spatally locahzed retnal lurmnance vanatons, providing & basis for computing mation,
stergopms. and contours fram the ratinal image. However, such perceptual atidbutes do
not always correspond to the ratnal luminance vanations in natural vision. Recordings from
araa 17 and 18 neurans of the cat revealed a specialized nonlinear processing stream that
responds lo stmulus attnbutes that have no comesponding luminance vaniaions, This
noniinear stream acts in parallel to the conventional luminance processing of singla cortical
neurons. The two streams were'consistant in their preference for orentation and direction
of motion but distinct in processing spatial vanatons of the stimulus attributos.

The receptive tields of simple cells in the
early viual corex consist of elongated,
altemanng excuatory and inhibitory re-
wons. Seiecuiviey for sumulus onentation
and spatia) frequency 13 conventionally ex-
plauned 1 rerms of linear spanal summa-
non: only those stimuli whose luminancge
vananons match the lavout of antagonistic
recepuve keld regions will produce a re-

¥ % Zhou Oepanment of Pavensiogy, MeGdl Univer-
sy Montresl. Quedec, Canaca HIA 181

C L Baxer 2t McGill Vipon Reseaten Unr, Contnal-
mowqgy Cooartment McGill Unversity Montresl Que-
Dec Canaca HIA tAY
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sporse (I). The wide range of preferred
spatial frequencies of comeal neurons has
supported a theoretical view of early vision
in renms of local {piecewise) Fourier analy-
sis (2). However, this scheme cannot ex-
plain visual responses 1o motion, stereopsis,
edges, and spatial posttion when these at-
tmbuces do nor correspond 1o the Fourier
spatial frequency power of the stimuli (3).
One nmulus that reveals the exustence of
“non-Founer” processing is an envelope
sumulus, which consusts of 3 noise pattemn
or 3 high spatial frequency luminance grat-
wne {camer) whote conrrast 1s modulated by
a low spanal frequency pattem tenvelope).
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Because there 1 no Founer component
corresponding to the partern modulation,
the detection of envelope pattems suggests
the exutence of nonlincar processing in the
visual syitem (4), The nonlinear analvss
may occur after the corieal spanal frequen-
cy=clective Rltenng, or before, a3 a conse-
quence of carlv nonlineanty (5).

We derermined whether atea {7 and 18
feurons responded to spanally one-dimen-
sional envelope snmuli (6}, uning single
stationary high spanal frequency (f,) lum-
nance gratings a3 the camers and ungle
moving low spatial frequency (f)) sine
waves a3 the envelopes (Fig. 1A). Such
envelope sumuli were perceived as a mov-
ing pattern of spatially altemating anspar-
ency and occlusion placed on a high spanal
frequency luminance granng. The samuli
were generated by the multiplication of two
grating patterns {(camer nmes envelope:
Fig. 1B). In the Founer frequency domatn.
such envelope sumuli consisted of 2 linear
sum of three components clossly centered
abour the high spanal frequency camer: a
statzonary mddle component at the camer
spaual frequency (f,), 2 low side band (f, —
£.), and a high side band (f, + £} (Fig. 1C).
The two side bands moved oppositely at the
same tempornl frequency as the envelope
{f,}. Howevet, no Founer energy was at the
envelope spatiotemporal frequency (f,.f)
(Fig. [C). When a neuron responded to an
envelope stimulus in which all che Founer
components were cleacly outside irs fre-
quency-selecrive range and only the cnve-
lope spatiotemporal frequency was inside,
this neuron must have been responding to
the envelope of the stimulus as a result of
nonlinear processing (7).

Thirty-nine of 94 cells responded signif-
icantly to the non-Fourier envelope pateem
(8), although the envelope response was
weaker than the same cell's luminance grac-
tng response at its oprimal spariai frequen-
cy. Half of the simple (n = 22) and mosr of
the complex {70%, n = 30} type cells in
area [8 were envelope-responstve, whereas
only | out of 12 simple and a minority of
complex (20%, n = 30) cells in area 17
were envelope-resporsive (9). Envelope-
responsive cells showed the same preferred
dircerion, degree of tempotal modulation,
and preferred orientarion to envelope pat-
tems as they showed to luminance grating
samuli (10).

The simplest explanation of such re-
sponses would be an carly nonlinear trans-
form (Fig. 2A) in which any sumulus goes
through a pointwise nonlinearity {I!) be-
fore spatiat frequency—selective fifienng. In
this model, the nonlinearity produces a
Fourier component (distortion produce) at
the envelope spatioremporal frequency, and
the subsequent frequency Rltertng picks out
the Jistortion product and removes the



high-spatai-frequency  {(>f,) compunenn
i the stmulus, Because there u no spatial
trequency-selective  Altenng  betore  the
nonhneancy, thu hypothesy predices thata
wide range of changes in the camer spatal
frequency should not affect the strength ot
envelope responaes, [n addinon. the enve-
lope spatial frequency tuning should be the
same as that for ungle lumwnance gratnngs
i a mven nevron because bath the dutor-
uoh product and the luminance graung
resporues are processed by the same filter.
In order to test these predictions, we
used two kinds of smuli: (1) conventional
luminance graang snmule wath only one
Founer trequency component and (i) en-
velope stumuli (Fig, 1) wath theee Founer
frequency components. The lamunance spa-
nal frequency dependence of a neuron was
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Flg. 1. Spatailv cre-gimensional enveldoe
stmun. (AY A luminance protde of the shmuius
at a given nume. (B) The space-ime intensity
pigt of a stimuius. The apsgissa ¢ spatiat
posSHION, INB orqinate 13 tme. and the gray
'evel InAIcates he luminance at a given spa-
nal posihon ang ume. In this examole. the
conirast envelgpe moves lefwara wnile he
carner temamns statonary (C) The power
spectrum ol the simuu: symmeinc leh-sige
quaarants are omited, Three Founer compo-
rents 13019 Citcies) were in the spectrum. Dut
no Founer component was at Ihe envelope
spanclemporal frequency open ciclel. The
natched area indicales the newon s eauan.
cy-selecrve range fof sngle wmnance gral-
ngs The iemooral treguency ¢f Ihe dnfing
enveiase was sat to (e optimat lor the anihng
wJminance gratng (f,)

measured with luminance graune sumul at
several spaual trequencies. Then the de-
pendence on camer spatial frequency was
Jetermmined warth envelope samuliin which
the envelope spanal frequency was fiixed at
the opomal luminance spatal frequency
while the camer 1panal frequency was var-
1ed. Without exception (n = 39}, the
camer spanal frequency dependence for an
envelope-resporuive neuron was found to
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be selecove to o narrow range ol hagh
spatial trequencies (1) that was much
higher than the selecuve range for lumi-
nance graungs (i JAY, The two spanial
frequency—relective ranges dud not overlap,
except for ane cell. We then examined 14
of these neutoru for ther dependence on
envelope spanal frequency. In most cases (n
= 1}, the envelope and luminance spanal
frequency tuning curves were diffeqent: che

Fg. 2. (A} Tha 'oMly noninear’
hypcihesis. {8} Proposed “two-
siieam - mechanism  The  1aht
slream 13 [of WTNANCE pIoCess-
g, and the nght Ofe 13 1o enve-

Y lopo piocoskng Tha haavy amow
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Earty fliter
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e luminance (NAN N tha orve-
lope siream The 1con in gach
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Polntwise
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curve on g loganihmic spatial ire-
quency scale, and tho «Cons ining
nothhaanty banes indicale tull-
wave rechhcanon
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FAg. 3. Dependency of neurondl fesbonse
envelope StMUl on IND COMer and arvene
tpatal frequency. Responses (0 Ihe simuius
mowing 10 the praletred direction of tha cell
{solid finas ano symbais) and 1o tho nonpre-
{erreg deaction of molion (dashed Iines and
open symbols) are ahown, The MELILIe0 value
of spontanecus actrity was subtracted from all
Ihe responszes. The abhrovialion “cpd” Ianas
for cycles per dagres of visual angie. (A) Qe
pencance on the camer spallal frequency, Two
kinds of spatial frequency tunng Curved Mea-
sured on the same neuron are illusiratea: (i) the
lurunance spanal Ireguency ung curve (@,
Q), measured frown the responses 10 sngie
lurinancs graungs, and (i) Ibe camer spanal
trequency turung curve (4. A) rom e anve-
lopa 1esponies. The envelops spahal frequen-
Cy was heid constant al the caii's optmal lum-
nance spaual frequency (0.3 cpd), and 1he
apscissa indicales tha camer spatial frecrency
of the envelopea stimuh. (8 and C) Dependonce
on ihe anveicpe spalial fraquency lor two cither
newrons. Two spatial [fequency luning curves
are plotted 1n each graph: () the lummance
spanal frequency fumng curve (&, O) ang (i)
e enveiops 10atial iregquency Iunng curve (A,
A) in winch (e camer spaill irequency was
fixed at the cell's optimal value (142 cpa tor (B)
ana 2,73 cpa lor (C), obtaned lom Ine maa-
surement of ing cell's carmer spatial Ir
depenaence 83 n (A} Curvas in (B) ana (C)
ware normanzed o the 1argesl valug 3 ine
pralereg queclion 183ponse Curve



preterred rante of envelope spanal frequen-
oy war lower than that of lumipance spatial
reyuency (Fi. 3, B and C).

The trequency-selecnive nature of the
camer spatal frequency dependence and the
Juctepancy between envelope and fumie
nance spanal frequency Jependences rule
out the possibility uf explainuig the enve-
lupe resporues by any early pointwue non-
hineanty (Fig. ZA). lnstead we propose a
special processing srream {Fig. 2B, nght
sude) that 15 parallel to the luminance pro-
cesung (Fig. 2B, left side) in the receptive
field vrganezation. This envelope-responuve
wresm can be modeled by chree stages: (i)
eatlv spattal frequency filtenng selecnve o a
rartow range of hugh trequency, providing
the carner spanal frequency dependence; {i)
potntwne nonhneanty; and (iii) late spanal

RAssponsa [spikes per sscond]
-

c
|
4
2
] -
Ty
[-X] 1
Spaual irequency (cpd)

Fig. 4. Carner soalial lraquency luning curves
ot Infee naurons. measured with vanous enve-
lope spatal frequancies. The conventions ior
1ymooIs ang axes are (he sama as in Fig, da,
umass inaidalec. (A ana B Two arectionalty
migsed ceuwrons. The fuminance apatal fre-
aquency lunng curves are indicated by (8. C).
Threa caied spanal lrequency luning curves
lor each graph were messured wih the enmve-
lope spatial reauencues 0.05 cpo (A, J). 0.1
cpa (B, ). ano 0.2 cod (@, ). (€} A nonar
recnionaly Dused coll Only the responses fo
asne qQreclion of siMuwus Mouon are plotea.
Three envelong s0ahal Mrequencies [0.1 coa
{A). 0 T cpa 1l 4nd 0 3 COO (41] were usea in
mpasunng e carner spanal frequency tuning
curves
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frequency Rltenng, which comresponds to the
envelope spaial frequency  dependence.
Cunader an envelope stimulus with a camer
spanal frequency wnaide the selecnve range
of the carly flter and wath 1 envelope
spatial frequency innde the selecnve range
of the late filter. The Founer componenu
(close to the camer frequency) in the sum-
ulus are passed by the early filter. The
nonlincanty produces a Founer component
{envelope component) at the envelope spa-
tiotemporal frequency. This Founer compo-
nene is then picked up by the late flter,
allowtng the neuron to respond to the enve-
lope snmulus, Notice thac the envelope-
respotuive seream does not respond to lumi-
nance granng stmuli: since the spawal fre-
quency=selecnve ranges of the early and late
filters do not overlap, any luminance granng
smulus cannot pass both the zarly and the
late filters. To account for the cell’s [umi-
nance response properties, a separate lumi-
nance-processing stream (Fig. 2B, lefr side)
s sull needed.

Because separate filters mediaze the reg-
istranon of Fourter energy in the envelope
stimulé and the extracnon of the envelope
component, the three-stage cascade model
predicts o separable dependence on the
camer and envelope spatial frequencies:
changing the envelope spanal frequency
should not affect the shape and range of the
camner spanial frequency dependence. Four-
teen envelope-responsive cells were exam-
ined for their dependence on carrier spanial
frequency under 2 series of envelope spatial
frequencies. Varying the envelope spanial
frequency affecced only the magnitude of
the carrier spatin frequency tuning without
changing it shape and optimal frequency
(Fig. 4), demorstradng separable camier
and envelope spatal frequency dependen-
cies {as predicced by Fig. 2B).

These fndings indicare that contrast
envelope detecdon is functionally impor-
tant and not an “accidenral” secondary
consequence of imperfections in an other-
wise linear mechanism. The proposed two-
stream mode! supplements a conventional
linear-filter model with a parallel, nonlin-
car pathway. Such an arrangement petmits
the tobusr deteceion of moving, onented
contours in a manner invarianc with their
composition. The lack of correspondence
berween spanial frequency selectivity for
luminance and envelope gratings seems
puzling buc supporms the distner namure of
envelope informadon. Further studies on
interacnions becween the two pathways may
shed light on the functional importance of
this discrepancy.
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Summary and Conclusions

1. Single cortical neurons are known to respond to visual stimuli containing Fourier
components only in a narrow range of spatial frequency. This investigation demonstrates
that some neurons in cat area 17 and 18 can also respond to certain stimuli that have no

Fourier components inside the cell's luminance spatial frequency passband.

2. To study such "non-Fourier" responses, envelope stimuli were used which consisted of
a high-spatial-frequency sinusoidal luminance grating (carrier) whose contrast was
modulated by a low-spatial-frequency sine wave (envelope). There was no Fourier
component at the apparent periodicity of the envelope spatial frequency. However, some
cells responded to such a "phantom" component of the envelope modulation when it fell
inside the cell's luminance spatial frequency passband while all the real Fourier

components in the stimuli were outside.

3. Extensive control experiments were conducted to eliminate the possibility of producing
artifactual responses to the envelope stimuli due to any small residual nonlinearity of the
z-linearized CRT screen. The control experiments included 1) testing of screen linearity
to insure the effect from the residual screen nonlinearity was no larger than the sensitivity
level of visual responses and 2) comparing the responses to envelope stimuli with the
responses to the equivalent contrast of the artifact produced by the screen nonlinearity.
All these control experiments indicated that any effect of screen nonlinearity did not

contribuie significantly to the neural envelope responses.

4. A statistical analysis was performed to obtain an index of relative strength of envelope
responses for each cell and to objectively classify cells as "envelope-responsive” or not.
A clear segregation between envelope-responsive and non-envelope-responsive cells was

observed in the distribution of relative envelope response strength.



5. The distribution of envelope-responsive cells exhibited a bias between the two cortical
areas and between simple vs, complex cell types in area 17, About half of the simple cells
and most of the complex cells in area 18 were envelope responsive, whereas only one out

of 12 simple and a minority of complex cells in area 17 were.

6. The strength of envelope responses was generally smaller than that of responses to
luminance grating stimuli at the same contrast. However, both the envelope and
luminance responses were consistent for a given neuron in direction selectivity,

orientation selectivity, and temporal modulation.

7. The existence of such envelope-responsive cells implicates areas 17 and 18 as a neural
basis for the eurly processing of non-Fourier aspects of visual information that have been

extensively demonstrated by human psychophysics.
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INTRODUCTION

Single neurons in the striate and circumstriate cortex of both monkey and cat have
been widely reported as being selective to a narrow range of spatial frequencies when the
neurons were stimulated by sinusoidal luminance gratings (Cooper and Robson 1968;
Campbell et al 1969; Maffei and Fiorentini 1973; Tolhurst and Movshon 1975; Movshon
et al. 1978a,b,c; Heggelund 1981a,b; De Valois et al, 1982, 1988; Baker 1990), Because
such a spatial frequency selectivity can be well modeled by linear filters, these neurons
are conventionally understood as linearly decomposing the retinal image into local spatial
frequency components. Although nonlinearities have been observed in cortical neurons'
responses to visual stimuli, such as half-wave rectification and nonlinear spatial
summation (Spitzer and Hochstein 1985) within receptive fields, these nonlinearities are
secondary in determining the neuron's responses; such nonlinearities would not cause the
neuron to respond to Fourier components outside of the cell's passband. For example,
responses to compound grating stimuli could be accounted for by those stimulus Fourier
components to which the neurons were selective (Maffei et al 1979; Pollen and Ronner
1982; Movshon et al 1984). Furthermore, the application of linear systems analysis in
studying low-level visual function has been successful in both interpreting human
psychophysical data and modeling low-level visual information processing (Graham
1980; Robson 1980; Adelson and Bergen 1985; van Santen and Sperling 1985; Watson
and Ahumada 1985; Fiela 1987).

Despite the success of the "quasi-linear filter" concept[1] in interpreting the
neurophysiological data, it is difficult to accept that the function of these neurons is for a
linear analysis of the retinal image. Conceptually, the argument for a system to perform a
linear analysis suggests that all the nonlinearities in the system are due to biological
imperfection. Some neurophysiological reports have implied the existence of significant

nonlinearity in the receptive field, which may not be explained by this quasi-linear filter
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concept. Neurons in monkey V1 and V2 cortex, as well as in cat area 17, have been
reported as responding to the "illusory contours” produced by visual stimuli that share
some features with the appearance of object occlusion in depth (Grosof et al. 1992; von
der Heydt et al. 1984, 1989; Peterhans and von der Heydt 1991; and Redies et al. 1986).
Direction-selection responses to contrast-modulated noise have been demonstrated in
neurons of primate area MT (Albright 1992), which receives direct input from early
cortical areas. Since these stimuli have no Fourier components corresponding to the
illusory contours or direction of motion, the frequency-selective filter model fails to
explain such results, Parallel to the neurophysiological evidence, many psychophysical
studies have similarly demonstrated the existence of significant nonlinearity in low-level
visual processing for human subjects (Burton 1973; Henning et al. 1975; Nachmias and
Rogowitz 1983; Nachmias 1989; Derrington and Badcock 1985, 1986; Badcock and
Derrington 1985, 1989; Chubb and Sperling 1988, 1989; Turano and Pantle 1989;
Boulton and Baker 1993a,b).

This investigation of area 17 and 18 neurons employed envelope stimuli,
consisting of a high spatial frequency sine-wave luminance grating (carrier) with its
contrast modulated by a low spatial frequency sine-wave (envelope). Such stimuli have
only three Fourier components, all centered around the carrier spatial frequency; no
Fourier component is at the envelope spatial frequency. When the carrier and envelope
spatial frequencies are well separated, the stimuli become band-limited in the Fourier
domain - a potential advantage for analyzing the underlying mechanism of envelope
response. Some neurons respond to the envelope pattern when the carrier spatial
frequency is far beyond the neuron's spatial frequency tuning range (Zhou and Baker
1992a,b), demonstrating the existence of nonlinear processing in the receptive field
organization of these neurons. Moreover, the spatial properties of those envelope
responses excludes a contribution from possible nonlinearities at early stages of visual

processing, indicated a new processing stream in the receptive field (Zhou and Baker



1993), and demanded a revision of the spatial frequency-selective filter idea in
interpreting the function of cortical neurons.

In this paper, the phenomenon of neuronal responses to envelope stimuli will be
extensively illustrated with additional control-experiments to exclude any possible
stimulus artifact. The question of whether envelope responsiveness lies on a continuum or
is divided into two categorical types of cells is then examined, Some general properties of
envelope responses are illustrated, such as direction selectivity, orientation selectivity,
response strength relative to luminance responses, temporal modulation of responses, and
distribution of envelope-responsive cells among simple and complex cells and between

the two cortical areas,
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Methods

Animal preparation

Presurgery anesthesia was induced by inhalation of halothane/oxygen and
maintained with intravenous injection of Intraval Sodium (2.5%) during surgery. Surgical
wounds were infused with 0.25% Marcaine (Winthrop), a long-lasting local anesthetic.
Surgery consisted of an intravenous cannulation, a tracheal cannulation, and a small
craniotomy for single unit recording (P3-L1 for area 17 or A3-L4 for area 18). After
completion of surgery, animals were paralyzed with an i.v. injection of 4 mg/kg
gallamine triethiodide (Flaxedil) and maintained by an i.v. infusion of 10 mg-lcg'1°hr'l
gallamine triethiodide supplemented with 2 ml-kg'l-hr'I of dextrose in lactated Ringer
solution. A light anesthesia was maintained with a mixture of 7:3 N2oO/O» and
1 mg-kg'1 ohr! pentobarbital sodium (i.v.) during the recording phase of the
experiments. EEG and EKG were monitored, and the infusion rate of pentobarbital
sodium was adjusted by a syringe infusion pump (Harvard Apparatus). End-tidal CO»
was monitored with a Hewllet-Packard 47210A Capnometer and maintained at 3.9% by
adjusting respirator stroke volume and rate. Rectal temperature was thermostatically
regulated at 37.5°C.

Gas-permeable neutral contact lenses were inserted after the pupils had been
dilated by 1% Atropine sulphate and the nictitating membrane had been retracted by 10%
Phenylephrine hydrochloride. The eyes were refracted for the viewing distance by
spectacle lenses, using a streak-retinoscope. The image of retinal blood vessels and optic
disks were back-projected on a tangent screen, and the estimated location of the area
centralis of each eye (Nikara et al. 1968) was used for measuring the eccentricity of
receptive fields. Artificial pupils (3 mm diameter) were placed in front of the contact

lenses. The viewing distance was 114 cm for area 17 recordings and 57 c¢m for area 18.
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Stimuli

Two kinds of spatially one-dimensional drifting grating stimuli were employed in
this investigation: luminance grating stimuli and envelope stimuli. A hwninance grating
stimulus was a conventional sinusoidal luminance grating, having a spatial luminance

profile of:
Ly(x) = Lo(1+C sin[2rfgx-2rfet])

where L was the mean luminance, C the contrast, fg the spatial frequency, and fy the

temporal frequency; the sign of f¢ determined the direction of motion of the grating.

An envelope stimulus was composed of a high spatial frequency luminance
grating (carrier) with its contrast modulated by a low spatial frequency sine-wave

(envelope):
Lenv(®) =Lg{1 + C sin[2nfx] (1+sin[2n(fax-2rfyt)]}/2}

=Lg{1 + Csin[2n(fe-fo)x+2nft+1/2)/4 + C sin[2f.x|/2
+ C sin[2r(fo+fe)x-2nfyt-n/2)/4) (Eq.1)

where f. was the carrier spatial frequency, f. the envelope spatial frequency, and fy the

envelope temporal frequency. Notice that for this envelope stimulus, the carrier was
stationary and only the envelope was moving. The luminance profile of the envelope
stimulus at one moment is shown in Fig.1A. The drifting envelope and stationary carrier
of a leftward drifting envelope stimulus is illustrated in Fig.1B, as a space-time diagram
in which the gray level indicates the luminance at a given spatial position and time.

The Fourier domain description of an envelope stimulus consiats of threc
components: a Jow side band, a middle component, and a high side band (Eq.] and
Fig.1C). There are spatiotemporal constraints among the Fourier components for the
envelape stimuli: the spatiotemporal frequency of the middle component is that of the
carrier, while the high- and low-side bands have spatiotemporal frequencies of the carrier
plus or minus that of the envelope. Thus changing the carrier spatiotemporal frequency

will simply shift the spatial-temporal frequency spectrum of the stimulus without altering



its amplitude profile. In the case of a stationary carrier in this study, the middle
component was stationary, and the low and high side bands were moving in opposite
directions with identical temporal frequency equal to the envelope's. The high-side band
moved in the same direction as the envelope.

Notice that there is no Fourier component at the envelope spatial frequency
(although an apparent periodicity is perceived in the stimulus). If a neuron can respond to
the envelope stimulus but not io its Fourier components, that neuron must be responding

to the envelope modulation pattern, which requires nonlinear processing.

Stimulus generation

Visual stimuli were generated by a Compaq Deskpro 386 microcomputer
controlling a Revolution 1024 graphics board (Number Nine Corp.), and presented with a
frame refresh rate of 200 Hz (noninterlaced) and a raster of 512 x 256 pixels. Two ramps
were written to the graphics memory along the first spatial dimension (512 pixels); thus,
the stimulus on the screen consisted of two identical halves, and the look-up-table of the
graphics card determined the luminance profile of the stimulus in each half, To generate a
luminance grating stimulus, a high resolution copy (2048 points) of the contrast profile of
the grating was maintained in the memory of the host computer. During each frame
refresh, every 8th point of this array was copied into a low-resolution buffer (256 points).
During the flyback, this buffer was quickly copied to the graphics board look-up-table.
On successive frames, the initial offset for the subsampling of the high-resolution array
was changed in proportion to the desired stimulus velocity. The number of grating cycles
in the look-up-table was always an integer, so that the stimuli in the two graphics ramps
merged smoothly; the maximum number of cycles was 60, to avoid "beating" when the
number of cycles was close to the Nyquist-limit imposed by the 256-pixel look-up-table

length.
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The method of generating an envelope stimulus was similar to that used for the
luminance grating. The contrast profiles of the carrier grating and the envelope grating
were separately maintained in the host computer memory as high resolution copies (2048
points). During each frame refresh, the envelope and carrier were subsampled and stored
in two low resolution arrays, which were then multiplied point by point. The product was
scaled to 8-bit gray resolution and stored in a buffer, which was quickly copied to the
Revolution look-up-table during the flyback. The independent motion of the envelope
and carrier was produced by separately manipulating the offsets for the subsampling of

the envelope and carrier high-resolution arrays.

Stimulus display and screen nonlinearity test

Visual stimuli were presented on a Joyce display screen (mean luminance,
115 cd/m2; display size, 30 x 23 cm) whose video signals were synchronized to the
Revolution graphics card. A contrast of 77% was used for both envelope stimuli and
luminance grating stimuli. The linearity of the Joyce display screen was particularly
important for generating envelope stimuli under such high contrast, because even a small
nonlinearity could produce a Fourier component at the envelope spatiotemporal
frequency (distortion product). If the contrast of such a distortion product were above the
neuron's threshold, it might have elicited responses even from a neuron which behaved
linearly. The screen linearity was achieved by an internal feedback-corrected z-
linearization amplifier. The luminance response of the Joyce screen was measured
regularly (with a Hagner Universal Photometer in earlier experiments and a UDT
Optometer, $370 in later experiments) to insure that any residual nonlinear distortion of
the envelope stimuli was below 0.6% contrast, which is about the cat's lowest
behaviorally measured contrast threshold (Blake et al. 1974; Pasternak and Homn 1991).

Fig.2A shows four typical measurements performed at different times (for clarity

of illustration, the curves are horizontally displaced). The abscissa is the digital value of
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the graphics card look-up table, and the ordinate is the screen luminance, Polynomial
fitting (solid curves) was performed for each measured set of 52 values (dots) using Igor
graphing and data analysis software (WaveMetrics, Inc.). For each curve-fit, four terms
were adequate; further increasing the number of terms did not produce sharp reductions
of the chi-square value, and would have run into the risk of "overfitting" the data
(Larimore and Mehra 1985). The fitted polynomial was then used to estimate the
equivalent contrasts of the distortion products from envelope stimuli. A conservative
estimation of the distortion contrasts should consider those Fourier components close to
the envelope spatial frequency. The effective Fourier energy was first calculated by
summing the squared amplitudes of the Fourier components inside a window of two
octaves around the envelope spatial frequency. The equivalent distortion contrast was
then obtained by dividing the square root of this effective Fourier energy by the mean
luminance. Fig.2B illustrates the equivalent distortion contrast from envelope stimuli for
a series of carrier spatial frequencies. Although some variation was observed, the
equivalent distortion contrasts from different curve fits (dashed lines) were all lower than
0.6%. Table 1 illustrates the coefficients of the four curve fits and their averaged mean
equivalent distortion contrast.

In order to also insure that the temporal dynamics of the Joyce screen did not
produce additional distortion products, the luminance profiles of the envelope stimuli
were measured with the UDT photometer through a slit window (1 x 47 mm) parallel to
the stimulus orientation (the width of the slit was about 1.5 times the space between the
screen raster lines). The envelope stimuli were drifting under this slit so that the spatial
luminance profile of the envelope stimulus was registered as the temporal profile of the
analog signal from the photometer. The analog signal was recorded with an A/D
converter of a lab interface card (LabMaster). The distortion contrast (same as above) was
obtained from a set of measured envelope stimuli with a series of carrier spatial

frequencies, and plotted as the solid line with circles in Fig.2B. The distortion product
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contrasts from the dynamical testing were no greater than those estimated from the static
measurements of the luminance response for uniform fields.

Further control experiments are described in the result section, to insure that this
residual contrast distortion product did not contribute significantly to the neurons'

envelope responses.

Measuring the transfer function of the diffusing sheet

For some control experiments a diffusing sheet was placed in front of the Joyce
display screen, to act as a spatial low-pass filter. The spatial transfer function of the
diffusing sheet was measured by comparing the spatial frequency response functions of
the Joyce screen with and without the diffusing sheet attached. To obtain the response
functions of the screen, the spatial luminance profiles of luminance grating stimuli were
measured for a series of spatial frequencies using the same method described above for
measuring those of envelope stimuli. Mean and first harmonic values of the grating's
luminance profile were calculated by FFT and the contrast was obtained by dividing the
first harmonic by the mean, The contrast transfer function of the diffusing sheet was
calculated as the quotient of the contrast spatial frequency response functions of the Joyce
screen, measured with and without the diffusing sheet attached. Results of these

measurements will be described below (Fig.8A).

Recording and cell classification

Signals recorded with glass-coated tungsten or platinum-iridium (Frederick Haer)
microelectrodes (about 2 MQ at 1 kHz) were amplified (AM-Systems, Model 1800), and
single units were isolated with a window discriminator (Frederick Haer). The spike
events were collected by a shift register with a LabMaster Card (time resolution
1.25 msec) for earlier experiments or an RC-Electronics lab interface board (ISC-16, time

resolution 0.5 msec) for later experiments. In either case, the spike collection was synced
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with the frame rate of the graphics board so that the recorded spike times were in correct
temporal registration with the video stimuli.

A hand-controlled projector, producing a narrow slit light, was used with a
tangent screen to search for cells, to map coarsely the receptive field and orientation, and
1o estimate the eccentricity, The receptive field of the isolated cell from the dominant eye
was then centered on the Joyce screen with the other eye covered. The approximate
preferred spatial frequency and temporal frequency of the cell was determined with
luminance grating stimuli at an approximately optimal orientation. The optimal
orientation of the cell was then measured by rotating the raster of the screen with a
drifting luminance grating. For end-stopped cells, the optimal lengths and positions of the
stimuli were obtained by adjusting the length and position of a drifting luminance grating
at the optimal orientation and spatial-temporal frequency of the cell,

Quantitative measurements were then made, such as luminance spatial frequency
response and carrier frequency dependence of the envelope responses. When time
permitted, the line weighting function of the cell was also measured with flashed bars at
various spatial positions (Hubel and Wiesel 1962; Movshon et al. 1978a,b; Baker et al.
1986, 1988), to provide another indicator for classifying cells as simple or complex, and
to further verify the center of the receptive field on the stimulus screen. For a given
measurement, the set of stimulus conditions, such as different carrier spatial frequencies,
were randomly interleaved. The duration for each condition was 5.2 seconds with a
typical repetition of 3 to 5 times for the luminance spatial frequency measurements, and 5
to 7 times for the measurements involving envelope stimuli.

Since this investigation concentrates on the spatial properties of the envelope
responses, the stimulus temporal frequency was not extensively manipulated. For
luminance grating stimuli, the temporal frequency was fixed at the cell's optimal. The
envelope temporal frequency was then set at the optimal for the luminance grating

stimuli. In a few cells with a broad range of luminance temporal frequency response (> 2
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octaves), the envelope temporal frequency was adjusted to obtain a strong response. The
carrier grating of the envelope stimuli was kept stationary in this study.

Cells were classified as simple or complex mainly according to the relative
modulation depth of the post-time stimulus histogram, using a drifting luminance grating
stimulus at the cell's optimal spatiotemporal frequency (Skottun et al. 1991). In some
cells, when line-weighting function tests were available, the on-oft spatial segregation of
the receptive field was also used as a supplementary criterion to determine the cell class

(Hubel and Wiesel 1962).

Histology

At the end of the experiment the animal was euthanized with an overdose of
pentobarbital, In some experiments, the recorded area was histologically verified by
conventional procedures: animals were perfused transcardially with saline followed by
formalin, and the brain was stereotactically blocked, freeze sectioned, stained with cresyl
violet, and examined with light microscopy. The cortical areas in which the electrode
tracks resided were identified from the characteristic differences in laminar organization

(Otsuka and Hassler 1962),
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RESULT

Envelope Responses

Twenty-nine normal adult cats were used in this investigation. Ninety-four cells
from area 17 and 18 were tested with both envelope and luminance grating stimuli. For
each cortical cell, the range and the optimal value of the luminance spatial frequency
were first measured with a set of drifting sinusoidal luminance gratings at a series of
spatial frequencies. These cells were then tested with envelope stimuli, in which the
envelope spatial frequency was set to the cell's optimal luminance spatial frequency, or
lower for some cells, with a variety of carrier spatial frequencies. Since this investigation
concentrates on the spatial properties of cortical neurons, unless specifically indicated,
the envelope temporal frequencies were the same as a given cell's optimal luminance
temporal frequency. The carrier grating was always stationary.

Some neurons were clearly responsive to the envelope stimuli, although the
carrier frequencies were high enough so that no Fourier components in the stimuli fell
inside the cell's luminance pass-band (as measured with drifting luminance gratings).
Three kinds of response are compared: 1) "luminance response”, the response to
sinusoidal luminance gratings whose spatial frequencies are in the pass-band of a cell
under investigation; 2) "envelope response”, the response to envelope stimuli ; and 3)
"carrier response”, the response to drifting sinusoidal luminance gratings, but with higher
spatial frequencies corresponding to the carrier frequencies of the envelope stimuli, and
usually outside of the cell's luminance spatial frequency pass-band.

Examples of envelope-responsive cells are illustrated in Figs.3-6, for responses to
the preferred direction of stimulus motion. Fig.3 shows the only envelope-responsive cell
obtained from 12 area 17 simple cells. No spikes were recorded for the spontaneous
activity and the carrier responses, However, clear envelope responses (triangles in

Fig.3A) were observed when the carrier spatial frequencies were far outside of the cell's



luminance passband (circles in Fig.3A), although the strength of envelope responses were
much smaller than luminance responses (the same contrast, 77%, was used for all the
stimuli). Post-time stimulus histograms (PSTHSs) in Fig.3B indicate the temporal
modulations of the responses to the luminance grating stimulus and 10 the envelope
stimuli at three high-spatial-frequencies of carrier (f,=2.1 cpd, 2.7 cpd, and 3.58 cpd).
These temporal modulations are phase locked to the temporal cycles of the stimulus
motion (the sine-wave at the bottom shows the temporal cycles of stimulus motion
passing the center of the receptive field).

A typical envelope-responsive simple-type cell from area 18 is shown in Fig.4,
with a similar result. Small spontaneous activity and carrier responses (circles in Fig.4A)
were recorded and illustrated in both panel A and B. Again, clear envelope responses
were observed with a temporal modulation which was phase locked with the temporal
cycles of stimulus motion. Spontaneous activity and carrier responses were observed for
this cell. Both were very similar and much smaller than the envelope responses. Because
the same contrast was used for both envelope stimuli and the luminance grating stimuli
for carrier responses, the contrast of the carrier grating stimuli was equal to the sum of the
three Fourier component contrasts in the envelope stimuli. Consequently, the lack of clear
carrier responses indicates a lack of apparent responses to the Fourier components in the
envelope stimuli.

Figs.5 and 6 illustrate two envelope-responsive complex cells from area 17 and
18. Similarly, spontaneous activity and carrier responses are very small compared with
envelope responses. The only difference between complex and simple cells was that
complex cells had little temporal modulation of envelope responses, as shown in the post-
stimulus time histograms of the two figures. There was no systematic difference in the
strength of envelope responses between cells in the two cortical areas; the difference in
the relative strength between envelope and luminance responses in these two cells

indicates the variation of encountered responses, which will be presented in detail below.
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Controls for CRT nonlinearity

[tis very important tc realize the potential risk of obtaining antifactual results,
because cortical neurons are very sensitive to the contrast energy within their luminance
spatial frequency pass-band; the contrast threshold for the most sensitive neurons can be
0.5-0.65% (Tolhurst et al. 1981). Thus a very small CRT screen nonlinearity that
produced a tiny distortion product at the envelope spatial frequency of the envelope
stimuli might cause neural responses to the envelope pattern. In the Methods section,
measurements of the Joyce screen's linearity insured that such distortion products in these
envelope stimuli were always less than 0.6% contrast, i.e. about the contrast threshold for
the most sensitive neurons and for the cat's psychophysically measured contrast
sensitivity.

Various aspects of the data, described in this and the succeeding paper (and also
Zhou and Baker 1993), are entirely inconsistent with the observed envelope responses
being due to such an artifact. For a given cell, envelope responses were obtained only for
a narrow range of carrier spatial frequency that was much higher than the cell's luminance
spatial frequency passband; and the most effective envelope spatial frequency was
usually in a range lower than the cell's luminance spatial frequency selective range.
However, opposite spatial properties would be predicted from the effects of CE T screen
nonlinearity, if it had produced a distortion product that significantly contributed to the
envelope responses: a broad range of dependence on carrier spatial frequency, and an
selective range identical for both luminance and envelope spatial frequency.

Nevertheless, to further insure that the tiny CRT screen distortion product did not
contribute to the neurons’ responses to the envelope stimuli, the envelope responses were
compared with the neurons' responses to the estimated distortion product from the

residual screen nonlinearity. Two methods were used for the comparison.
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One test was to compare the envelope responses with the response to a (.6%
contrast luminance grating stimulus at the optimal luminance spatial frequency of the
neuron. In all the neurons tested (n=6), the envelope responses were clearly larger than
the responses to the 0.6% contrast luminance grating stimulus, suggesting that the
distortion product from the screen did not contribute substantially to the envelope
responses. Fig.7 shows an example cell. Responses to luminance grating stimuli at 77%,
3%, and 0.6% contrast with a series of spatial frequencies were compared with the
envelope responses at 4 number of envelope spatial frequencies. The luminance grating
responses at 0.6% contrast were negligible, while the envelope responses were not only
larger than the 3% contrast luminance grating responses, but also somewhat different in
dependence on spatial frequency (This different dependence on spatial frequency was
often much more pronounced than in this neuron, and will be explored extensively
below).

The second method of comparing the envelope responses with the responses to
distortion products was to use a diffusing sheet covering the CRT screen to attenuate the
high spatial frequency Fourier components in the envelope stimuli, while leaving any low
spatial frequency distortion product unattenuated. Fig.8A shows the spatial transfer
function of this diffusing sheet {see Methods section), which provided strong attenuation
for frequencies higher than 1 cpd, and attenuated little below 0.5 cpd. Suppose that the
CRT screen had produced a significant distortion product around the envelope spatial
frequency, which had elicited the neuron's responses to the envelope stimuli. Covering
the CRT screen with the diffusing sheet would have had hardly no effect on the strength
of the envelope responses if the envelope spatial frequency was below 0.5 cpd. On the
other hand, if the residual screen nonlinearity produced only a negligible distortion
product that did not elicit significant responses, covering the screen with the diffusing
sheet should eliminate the neuron's envelope responses, since the carrier spatial

frequencies of the envelope stimuli were higher than 1 cpd.



Responses to envelope stimuli with a series of carrier spatial frequencies were
compared with and without the diffusing sheet. A consistent result was obtained from all
three cells tested (Figs.8B,C,D): the envelope responses disappeared when the diffusing
sheet covered the CRT screen, ruling out a contribution to the envelope responses from
any residual screen nonlinearity, even if unrecognized so far, that could produce Fourier
energy around the envelope spatial frequency.

One side-effect of the diffusing sheet is that it also attenuates the mean luminance
(-0.22 log unit) irrespective of the spatial frequency of the stimuli (circles in Fig.8A). To
insure that such a luminance attenuation was not responsible for abolishing the envelope
responses, the measurements were repeated for two of the three cells (Fig.8C,D), with a
0.3 log unit neutral density filter placed in front of the eye. The envelope responses and
their carrier spatial frequency dependence were almost the same; the elimination of
envelope responses by the diffusing sheet was not due to its attenuation of the mean
luminance.

A high stimulus contrast was used to facilitate the search for envelope responses.
Would such a high stimulus contrast drive some early visual processes out of its linear
dynamic range, resulting in nonlinear responses that produce distortion components from
envelope stimuli? Such nonlinear responses have been observed at the photoreceptor
level with extremely high-contrast stimuli generated by interference fringes (Chen et al
1993; MacLeod and He 1993). If such an early nonlinearity were the cause of the neural
envelope responses in the cortex, it would have been difficult to consider such neural
responses playing a unique role in visual information processing. However, due to the
strong optical attenuation by the eye (Bonds et al 1972) of high-spatial-frequency
components that comprise the envelope stimuli in this study, the actual contrast on the cat
retina should be much smaller than the contrast on the CRT screen. To confirm that the
envelope responses were not a direct consequence of using high-contrast envelope

stimuli, lower contrast envelope stimuli were also tested on two envelope-responsive
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cells (Fig.9). Three stimulus contrasts were used for the cell in A (77%, 38%, and 199%)
and two for B (77% and 38%). Envelope responses were measured with various carrier
spatial frequencies outside of the cell's luminance passband while the envelope spatial
frequency was fixed. The cells’ carrier responses were very small; however, large
envelope responses were observed for the stimulus contrasts of 77% and 38%. For cell A,
clear envelope response was also observed for a stimulus contrast at 19%. Although the
envelope responses were reduced for lower stimulus contrasts (38% and 19%), they were
clearly larger than the cells' carrier responses, indicating the observed envelope responses
were not peculiar to a high stimulus contrast. Notice that any nonlinearity before the
narrow-band spatial frequency filtering in the visual system would be an "early
nonlinearity", whose contribution to the envelope responses has been shown to be
minimal because of the specific envelope-responsive properties, such as narrow band
carrier spatial frequency dependence and the different envelope and luminance spatial
frequency dependences (Zhou and Baker 1993; succeeding paper).

All the evidence described above supports the existence of a neural response to
the envelope stimuli, which is not due to a distortion product originating from either a
residual CRT screen nonlinearity or from an early retinal nonlinearity. The following
studies will provide an objective method of determining the significance of the envelope
responses for a given cell, illustrate a few features of such envelope responses across the
population of cells in areas 17 and 18, and compare certain aspects of responses to

envelope and luminance grating stimuli.

Classification of envelope-responsive cells

Although the envelope responses are convincingly strong in many cells (e.g. the
cell's responses to the envelope stimuli can be detected by listening to the spike events
from the audio monitor), other cells give a somewhat weak response to these stimuli. A

statistical test is needed to determine objectively the significance of every cell's envelope

wh
N
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responses. Such a statistical test can help address whether the population of cortical cells
exhibits two "categories" (envelope-responsive and non-envelope-responsive) or if there
is a continuum of responsiveness to envelope stimuli. To be different from the responses
to Fourier components in envelope stimuli, a significant envelope response should be
very different not only from the cell's spontaneous activity, but from the cell's responses
(R) linearly contributed by each of the three Fourier components in the envelope
stimulus, which can be calculated as:

R=RL+Rm+Ry-235 (Eq.2)
in which R, Rp, and Ry are the responses to the low, middle, and high components
respectively, and S is the spontaneous activity. Thus a significance test of the envelope
responses should compare envelope response with spontaneous activity, and with the
"linear-component"” response (R) defined in Eq.2, using an objective criterion.

In order to reduce the response variation caused by any slow fluctuations of the
cell's overall responsiveness, the measurements of the envelope response, carrier grating
responses, and spontaneous activity for each cell were randomly interleaved in the same
block of test trials. The neuron's optima. luminance spatial frequency was chosen as the
envelope spatial frequency for the envelope stimuli, and a series of spatial frequencies
higher than the neuron's luminance pass-band were used as the tested values of carrier
spatial frequency (carrier spatial frequency dependence measurement in Figs.3-6).

The data clearly indicate that the carrier resvonses are similar to the cells'
spontaneous activity (Figs.3-6) as long as the spatial frequencies of the carrier gratings
are far outside of the cells' luminance pass-bands. Because the three component
frequencies of an envelope stimualus at the cell's optimal carrier spatial frequency are also
well outside of the cell's luminance pass tand, the individual Fourier component
responses as well as their linear contributions (R) should also be similar to the
spontaneous activity. For practical purpose the carrier grating response was used to

estimate the linear-component response. The largest envelope response was selected from



each cell's data, along with the corresponding carrier grating response and spontaneous
activity, for further analysis.

Firstly, the carrier responses were compared with the spontaneous responses in
Fig.10A to test whether they were the same. Each data point in the figure represents data
from one cell (note that spontaneous activity has not been subtracted from the carrier
responses). A square root data transform was perforied before the analysis so that the
scatter of the data points became uniform, suggesting that the variance of the responses
was increasing proportionally with their magnitude (Ferguson and Tikane 1989). A
strong correlation between the two kinds of response was observed. Furthermore, the
regression hine was very similar to an equality (intercept=0.13, slope=0.93), confirming
that the neurons generally did not show significant responses to the carrier grating
stimuii, therefore the carrier grating responses could be considered as another set of
spontaneous response data.

Because the carrier responses were statistically the same as the spontaneous

responses, an "envelope-responsiveness score" (ERS) can be calculated as:

ERS = vEnv - VMax(Spon,Carr) (Eq.3)
where Env is the envelope response, Spon the sponianeous response, and Carr the carrier
grating response (Again, note that the spontaneous activity has not been subtracted from
Env.) The use of a maximum value of the Carr and Spon corresponds to the selection of
the largest envelope response from each cell's data.

Under the null hypothesis that the YEnv is also statistically the same as ¥Carr and

Spon, the variance of this ERS can be approximated by the variance of

(VCarr - ¥Spon). Thus the ERS can be normalized to form a "normalized envelope-

responsive score” (NERS):

NERS = {vEnv - VMax(Spon,Carr)) / SD
in which SD the standard deviation of ERS approximated from that of (+YCarr - ¥Spon).

If the null hypothesis were true for all the cells, NERS should be statistically equal to
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zero, i.e. it should follow a t-distribution with (N-1) degrees of freedom, where N is the
number of cells. Fig.10B shows the distribution density of this NERS score from all 94
cells. Wide variation (from -1 to 11) is observed in the NERS distribution, and a deep
valley between 2 and 3 suggests a break in the distribution on the NERS continuum,
According to the r-test, a NERS larger than 2.5 indicates a significance level of P<0.006
to reject the null hypothesis, i.e. that the envelope response is significantly larger than the
carrier response and the spontaneous response. Examining the data from individual
envelope-responsive cells indicates that NERS larger than 2.5 is a robust and
conservative criterion for classifying cells as "envelope responsive”. The cells with NERS
larger than 2.5 responded reliably to the envelope stimuli in multiple experimental tests,
such as the carrier spatial frequency dependence test (Figs.3-6), envelope spatial
frequency dependence test, independence test for the carrier and envelope spatial
frequency tuning (Zhou and Baker 1993), and the carrier motion test (succeeding paper).
Thirty-nine out of 94 cells were classified as envelope-responsive with the criterion of
NERS larger than 2.5. The remainder of the paper will be principally concerned only with

these cells.

Distribution of envelope-responsive cells

The distribution of these 39 envelope-responsive cells was not uniform over the
cortical areas and simple/complex cell types: about half of the simple cells and two-thirds
of the complex cells in area 18 were envelope-responsive, whereas only one out of twelve
simple cells in area 17 and about one fifth of area 17 complex cells were envelope-
responsive (Fig.11A). Fig.11B is a scatter plot of envelope-responsive and non-envelope-
responsive cells' optimal luminance spatial frequencies and retinal eccentricities. The line
labeled as "Acuity" indicates the cut-off spatial frequencies of cat X-type retinal ganglion
cells adapted from Fig.2 of Cleland et al. (1979). The lines marked as "Acuity/10" and
"Acuity/20" show the Acuity line divided by 10 or 20 respectively. It can be seen that the
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proportions of envelope-responsive cells are similar among area 17 complex (44%, n=9),
area 18 simple (45%, n=11), and area 18 complex (64%, n=14) cells between the
Acuity/10 and Acuity/20 lines; the apparently overall low percentage of envelope-
responsive cells among area 17 complex cetls may be due to these cells' preference for
higher spatial frequencies than cells in area 18. Thus what governs the possibility of a
given cell being envelope-responsive muy be the cell's optimal spatial frequency rather
than the cortical area and the cell type (simple or complex), except for the simple cells in

area 17.

Relative strength of envelope responses

It can be seen in the PSTHSs presented so far (Figs.3-7) that envelope responses
were often weaker than luminance grating responses. To illustrate the general relation
between the strength of envelope responses and luminance responses, responses 10
envelope stimuli with optimal carrier spatial frequencies are compared with responses to
optimal luminance gratings in Fig.12. Both envelope and luminance grating stimuli were
moving in the cell's preferred direction, and the stimulus contrasts were all the same
(77%), which were defined as the peak modulation divided by the mean luminance level
(parameter C in Eq.1). Each data point represents the pair of responses from one cell, and
three reference lines are plotted for comparison: the equality line (the solid line, y=x}, the
half-ratio line (the dotted line, y=x/2), and the quarter ratio line (the dashed line, y=x/4).
For all thirty-nine envelope-responsive cells, the optimal envelope response was always
less than the same neuron's optimal luminance grating response, with a wide scatter of the

relative strength among cells (from close to 1 to less than a quarter).

Modulation of envelope responses
One prominent feature differentiating simple from complex cells is the temporal

modulation depth of their responses to drifting luminance grating stimuli at the cell's
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optimal spatial frequency (Movshon et al. 1978a,b; Skottun et al. 1991). As indicated in
Figs.3-7, the temporal modulation depth of envelope responses appeared to be correlated
with the simple/complex cell types. AC (first harmonic of the PSTH) to DC (mean spike
rate minus spontaneous rate) ratios (Methods section) were calculated for each cell for the
luminance response at the cell's optimal spatial frequency and for the envelope response
at the optimal carrier spatial frequency. The two AD to DC ratios are compared in
Fig.13A. Each plotted point represents the data from one envelope-responsive cell, and
the equality line is plotted for comparison. The space is partitioned into four quadrants by
the vertical and horizontal dashed lines at AC/DC equal to 1. According to Skottun et al's
criterion (1991), cells are classified as simple if their AD/DC ratios are larger than 1, and
as complex otherwise. It can be seen that hardly any cells are in upper left or lower right
quadrants (Fig.13A), indicating a very good correlation between the simple/complex cell
types and the modulation depth of envelope responses.

Thirteen envelope-responsive cells, whose AC/DC was larger than 0.7, were
selected for comparison of the temporal phase difference between the responses to
luminance gratings and envelopes; the envelope spatial frequency of the stimuli were the
same as the spatial frequency of the luminance gratings (Fig.13B). A wide scatter of the
temporal phase differences was observed, though most of them were around -20 degrees.
The causes of these temporal phase differences could be many: a spatial separation
between the receptive fieid regions responsible for envelope and luminance grating
responses, different integration times and/or different absolute temporal phases (the
intercept of a plot of temporal phase against temporal frequency) for the envelope

responses and luminance grating responses.

Orientation selectivity of envelope responses
Eleven envelope-responsive cells (one area 17 simple, 2 area 17 complex, 3 area

18 simple, and 5 area 18 complex cells) were examinzd for orientation selectivity to



envelope stimuli, Due to limitations of the equipment that prevented a randomly
interleaved series of crientation presentations, only two orientations were tested for each
cell: the orientation which was optimal for luminance gratings and the orthogonal
orientation; the carrier grating was in each case at the same orientation as the envelope.
At each orientation, the envelope spatial frequency was fixed at the cell's optimal
luminance spatial frequency, and the envelope stimuli were presented with various carrier
spatial frequencies. Except for one cell, a consistent result was obtained that the envelope
responses were abolished when the envelope stimuli were presented at the orthogonal
orientation. Fig.14 illustrates typical examples from the two cortical areas and the
simple/complex cell types. The triangles indicate envelope responses to the stimuli
presented at the optimal orientation, the squares indicate envelope responses at the
orthogonal orientation, and the circles show carrier responses at the optimal orientation
(responses to luminance gratings at the carrier spatial frequency of the envelope stimuli).
The abscissas indicate the carrier spatial frequencies of the envelope stimuli. It can be
seen that the envelope responses at the orthogonal orientation (squares) were not different
from the cell's carrier responses (circles), and much smaller than the envelope responses
at the optimal orientation, Even in the case of the exceptional cell (not shown in Fig.14),
the envelope responses to the orthogonally oriented stimuli were reduced, although they
were significantly larger than the spontaneous activity; however, this neuron also showed
a small but clear response to a drifting luminance grating at the orthogonal orientation.
These data indicate the existence of an orientation selectivity for envelope responses, and

are consistent with it being the same as for luminance gratings.

Direction selectivity of envelope responses

Direction selectivity has been reported frequently for cortical neurons' responses
to moving bars and gratings (e.g., Hubel and Wiesel 1962; Henry et al. 1974, Movshon
1975; Baker and Cynader 1986; Baker 1988, 1990; Reid et al. 1991). Similarly, the
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envelope responses also often showed a direction preference (Zhou and Baker 1993). The
direction selectivity of envelope responses and luminance grating responses were
compared for the thirty-nine envelope-responsive neurons (Fig.15). The envelope
responses were chosen from the responses to the envelope stimuli at the neuron's optimal
carrier frequencies (Figs.3-6) and the luminance grating responses were chosen from the
same neurons' responses 1o luminance grating stimuli at their optimal spatial frequencies.
The direction selectivity index (DSI) was calculated as (P-N)/(P+N-28S), where P was the
response to the stimulus moving in the cell's preferred direction, N was the response to
the stimulus moving in the non-preferred direction, and § was the spontaneous response.
Fig.15 plots the DSI for envelope response vs that for luminance response for each cell
(circles). The dashed line partitions the space into upper and lower quadrants: the upper
quadrant is for positive DSI, which means that the preferred direction for envelope
motion is the same as that for luminance motion, and the lower quadrant is the converse.
Except for one cell having very small direction selectivity (< 0.2), all other cells (n=38)
are in the upper quadrant, and scattering widely arou=d the equality line (solid line). Thus
the envelope responses have the same direction selectivity as the luminance responses,

although the degree of correlation between the two is not significant.
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DISCUSSION

This investigation has demonstrated that many neurons in cat areas 17 and 18 can
respond to envelope stimuli that have no Fourier components falling inside a given cell's
selective range of conventional luminance spatial frequencies (Figs.3-6). The assurance
of delivering such stimuli without artifact is confirmed by a series of control experiments:
estimating and measuring the distortion product produced by the residual CRT screen
nonlinearity (Fig.2); comparing the envelope responses with the responses to the
distortion product (Fig.7); and placing a diffusing sheet on the stimulus screen to
eliminate the envelope stimulus while keeping any possible distortion product
unattenuated (Fig.8). The results from all these contro! experiments unanimously indicate
that the slight distortion product from the CRT does not contribute significantly to the
envelope responses. In addition to these control experiments, the spatial properties of
envelope responses (Zhou and Baker 1993; succeeding paper) are inconsistent with a

screen distortion product contribution to the envelope responses.

Relationship to previous studies using envelope stimuli

A previous study in the primary visual cortex of both cat and monkey (Albrecht
and De Valois 1981) did not find neural responses to envelope stimuli when all the
stimulus Fourier components were outside of the cell's spatial frequency selective range.
There are two major reasons for the apparent discrepancy between their results and ours,
First, their envelope stimuli had a fixed 1:5 ratio for envelope and carrier spatial
frequency. This study showed that the envelope responses for a given neuron are entirely
dependent on the carrier spatial frequency falling within a very narrow range. The
optimal carrier spatial frequency varies from less than 5 to more than 36 times the
optimal luminance grating spatial frequency of the cell (succeeding paper). Fixing the

ratio of envelope to carrier spatial frequency at 1:5 would greatly reduce the chances of



finding envelope-responsive cells. Second, the sample size of Albrecht and De Valois'
investigation was small (24 cells from both cat and monkey) and included cells only from
area 17; the percentage of envelope-responsive cells in area 17 is relatively low compared
1o area 18 (Fig.11A). Due to these adverse factors, their lack of success in finding

envelope-responsive cells is not inconsistent with our results.

Assumptions in the statistical procedure for classification of envelope-responsive cells

In this study, the estimate of variance of spontaneous activity was averaged across
the population of neurons. The validity of this approach relies on two assumptions. The
first is that the variance of the neuronal responses is proportional to the mean spike rate,
regardless of cell type. This assumption is satisfied by the data (Fig.10B) and previous
reports using moving gratings (Tolhurst et al. 1981, 1983). A number of random spiking
processes can simulate this proportional variance property, such as a Poisson process
(variance equal to mean, proportionality coefficient of 1) or a family of gamma processes
(Mendenhall et al. 1986; Troy and Robson 1992), for which the proportionality
coefficient is a function of the parameters of a particular gamma process. A square root
transform of the data makes the variance uniform with increasing mean value (Fig.10A).
For a particular random process, the variance from the regression analysis of the square-
root transformed data (Fig.10A) is a function of the proportionality coefficient between
the mean and variance in the original data (see Appendix, for detailed development of
this result for the case of gamma distribution functions).

The second assumnption is that the proportionality coefficient between the variance
and mean for a neuron is homogeneous across the population of neurons, so that the
variance of the square-root transformed spike rate is the same for every cell, regardless of
differing mean spike rates. This assumption is reasonable to apply in practice if the
variation of the proportionality coefficient among cells is not very large; consequently,

the estimated variance from the regression analysis between the square-root transformed



carrier response and the spontaneous activity provides the mean variance averaged across
the population of cells. The subsequent statistical test of the significance of a given
envelope response after the square-root transform is based on this mean variance.
However, replacing a direct estimate of the variance for each cell with the mean variance
might misplace some cells on the distribution histogram of NERS, such that cells having
a variance larger than the average will have an inflated NERS, and vice versa. As a result
of this misplacement, the separation between envelope-responsive and non-envelope-
responsive cells would become less obvious. 1a other words, the valley at 2 to 3 in the
NERS distribution (Fig.10B) might be more clear it the variance for vach cell had been
estimated individually. Thus to avoid mis-classifying cells as envelope responsive, a
conservative criterion is used in this study, with the risk of missing a few envelope-
responsive cells.

An alternative statistical method of compuring envelope responses with
spontaneous activity would estimate the response variances for each cell individually
(Geisler et al 1991). Such a method is sensitive enough to detect small differences in
responses to two types of stimuli, but could be vulnerable to long-term fluctuations of a
neuron’s intrinsic responsiveness (Tolhurst 1981, 1983). This method requires longer
recording times than used in this study, to obtain reliable estimates of the response

variance.

Possible factors affecting the estimated number of envelope-responsive cells

Although the envelope responses are smaller than the responses to the luminance
grating stimuli at the optimal spatial frequency, the envelope responses are significantly
larger than the neuron's spontaneous activity and its responses to the Fourier components
in the envelope stimuli, as indicated by the statistical assessment in the result section. The
envelope responses are very convincing in many envelope-responsive cells, in that the

responses are reproducible, reliable in multiple experimental tests, and even detectable by
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listening 1o the spike events from the audio monitor; the statistical procedure serves
largely to provide an objectis ¢ criterion to classify cells, and to help address the question
whether there are two categorical types or a continuum of envelope-responsiveness. The
steep valley in the distribution density near 2.5 on the normalized envelope-responsive
score (NERS) implies that cells can be categorized as "envelope-responsive” and "non-
envelope-responsive”.

However, a peak is also shown at about 1.5 in the NERS distribution histogram
(Fig.10B). If all the NERSs of non-envelope-responsive cells are from envelope
responses that are similar to the spontaneous activity, the distribution of NERS below 2.5
should follow a t-distribution with 93 degrees of freedom. The existence of this peak at
1.5 violates the assumption of a t-distribution, suggesting a heterogeneous composition of
non-envelope-responsive cells. Nineteen cells are included in this peak, without
significant bias between the cortical areas and/or cell classes (2 area 17 simple, 6 area 17
complex, 7 aret 18 simple, and 4 area 18 complex cells). This peak may contain some
weakly envelope-responsive cells: reliable envelope responses were observed from four
of these cells, with a narrow bandpass for carrier spatial frequency. Among them were
three simple cells which had temporal modulation in their envelope responses following
the temporal cycles of the stimulus, Alternatively, it is possible that some of the cells in
this peak were extremely contrast-sensitive and produced near-threshold responses to the
tiny residual CRT distortion product from the envelope stimuli. If these two reasons are
the cause for this peuk, the neurons in this peak should be classified as non-envelope-
responsive, because their contribution to behavioral envelope detection is likely to be
minimal.

It is also possible that the peak at 1.5 is composed of some envelope-responsive
cells whose small responses may result from some imperfection of this study. One
possible source of imperfections may be the method of using mean spike rate as the

measurement for response strength. For some simple cells, the first harmonic responses to
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the temporal cycle of the stimulus might capture the responsiveness to the envelope
stimuli better than the mean spike rate over the stimulus period, One area 18 stmple cell
showed strong first harmonic responses to the envelope stimuli, whereas its mean tiring
rate was not significantly elevated by the envelope stimuli, L.e. its NERS was only 1.65.
A second possible source of imperfection may result from using an envelope spatial
frequency inside the cell's luminance passband for the stimulus protocol of exploring
envelope-responsive cells (see the first paragraph in Result). The succeeding paper will
show that the optimal envelope spatial frequencies in many cells are lower than the cell's
optimal luminance spatial frequencies. Due to the resolution limit of the graphics card
(the luminance profile of stimuli was produced on a 256 pixel-long look-up-table), it was
impossible to generate envelope stimuli with spatial frequencies much lower than most
cells' luminance passbands. This study would tend to miss those envelope-responsive
cells, if they existed, whose envelope spatial frequency dependences were much lower
than the cell's luminance passband; using an envelope spatial frequency inside the cell's
luminance passband might only elicit a near-threshold envelope-response for these cells,
A third possible source of imperfection may result from the stationary carrier in the
envelope stimuli. In a later part of this investigation, six envelope-responsive cells were
tested with envelope stimuli in which the carrier grating was moving. Facilitation of
envelope responses by a moving carrier was found in three cells (see Fig.7A and B in the
succeeding paper); it is possible some cells in this NERS peak might have shown
significant envelope responses if the carrier had been moving.

Nevertheless, the cells in this peak are classified as non-envelope-responsive for
the purpose of providing a conservative estimate of the number of envelope-responsive

cells.



"Form-cue invariance"” for envelope and luminance responses

This study has found that envelope responses are similar to luminance responses
in the depth of the response modulation to the temporal cycles of the stimuli (Fig.13A),
the preferred stimulus orientation (Fig.14), and the preferred direction of stimulus motion
(Fig.15). These similarities between envelope and luminance responses suggest that the
direction of motion, the stimulus orientation, and the temporal mndulation of stimuli are
functionally important features that are "labeled” in the neural responses, regardless of
the stimulus composition. Such an assertion of labeled-neural responses is also supported
by previous studies (von der Heydt and Peterhans 1989; Albright 1992).

The envelope patterns used in this study belong to a family of "non-Fourier"
stimuli whose stimulus attributes have no corresponding Fourier energy. Neural
responses to other non-Fourier stimuli have been found, such as the neural -esponses in
primate area MT to envelope pattern and/or traveling contrast-reversing gratings, using
stationary rarndom bright/dark bars as the "carrier” (Albright 1992), or neural responses in
cat areas 17 and 18, or primaic V1 and V2 to anomalous contours produced by abutting
gratings (Redies et al. 1986; von der Heydt and Peterhans 1989; Grosof et al. 1992).
Consistent with the envelope responses in this study, all these non-Fourier neural
responses exhibited direction- and orientation-selectivity with similar preference to the
neuron's luminance responses. Such a consistent relationship between the non-Fourier
responses and luminance responses highlights the functional importance of these non-
Fourier cells: perceptual attributes can be encoded by these neurons regardless of whether
the attributes are carried by luminance variations or by other types of modulation—a

"form-cue invariant” neural coding (Albright 1992).

Limitations of linear analysis in early visual processing
Since the late 1960's, the use of linear systems analysis in vision research has

integrated the studies in psychophysics and neurophysiology into a logically coherent
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understanding that early visual processing pertorms patch-wise spatial frequency
decomposition on retinal images, a function that can be sufticiently modeled by linear
filters (Robson 1980; Pollen and Ronner 1983; Shapley and Lennie 1985, De Valois and
De Valois 1988). On the psychophysics side, such a view is supported by spatial
frequency-selective adaptation and masking studies, which led to the spatial frequency
"channel” theory (Braddick et al. 1978; Pantle and Sekuler 1968; Campbell and Robson
1968; Blakemore et al. 1969, 1973; Legge und Foley 1980). On the neurophysiological
side, single neurons in the primary visual cortex of both monkey and cat have been
understood as neural filters, decomposing retinal images into narrow ranges of local
spatial frequencies (Movshon et al. 1978a,b,¢; Pollen and Ronner 1982, 1983).
Application of this local spatial frequency decomposition idea has also been successful in
computational modeling of many low-level visual functions, such as motion (Adelson
and Bergen 1985; van Santen and Sperling 1985; Watson and Ahumada 1985) and
stereopsis (Marr and Poggio 1979; Poggio and Poggio 1984; Ohzawa et al. 1990;
DeAngelis et al. 1991; Blake and Wilson 1991).

However, it is important to realize a limitation of such a patch-wise spatial
frequency filtering scheme: it only describes how luminance variations are decomposed
and represented in the early visual processing. On the other hand, many perceptual tasks
cannot be achieved by analyzing only the luminance variations, such as detecting
occlusion boundaries, discriminating luminance variations due to changes in surface
onentation (shading) from changes in surface material (reflectance), and differentiating
shadows from objects (Adelson and Pentland 1991; Sinha and Adelson 1993). These
perceptual tasks are conducted preattentively, and require nonlinear operations. If striate
and circumstriate cortex neurons are essentially linear filters that only analyze the
luminance variations of the visual world, the neural substrates for these perceptual tasks

would have to be at a higher cortical level.



This paper demonstrates that some striate and circumstriate cortex neurons do
respond to envelope stimuli even though none of their Fourier components fall inside the
luminance passband of the cell. This finding raises the possibility that some of the
perceptual tasks mentioned above may be processed at a low cortical level,

The following paper will provide evidence that the underlying nonlinear
mechanism for the envelope responses requires i separate processing stream in the
receptive field organization. In other words, the quasi-linear filter model should be

supplemented with another, paralle]l process to model these envelope-responsive cells.
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Footnotes

[1] Quasi-linear filter here means the filter is not strictly linear; however, the nonlinearity
involved does not produce responses ta Fourier components outside of the filter's
passband defined by the filter's responses to single sine-wave gratings. An extensive

discussion can be found in Baker and Boulton (1993)

71



Appendix

The gamma distribution function is defined as:

p(x) = ~———, fora, B, x 20,

or p(x)=0, forx < 0.
The mean or the expected value is
E(x) = af,
and the variance is
o2 = af? = B E(x).
Thus the proporticnality coefficient is B.

After a square root transformation on the data (y=Vx), the distribution becomes:

dx 2 2y e y/P
(¥) =p(x) g =p(y") 2y =
gly)=p dy Py ) 2y 8% [0
It can be derived that the mean of g(y) is:
I'(o+1
(o)

According to Stirling's approximation equation for I"-functions with positive real variable

(o):

I
E(y) = \/aﬁ(l+1/2a)2°‘ e ea@ar)
and the variance of g(y) is
—1
03 = of - EX(y) = B o { 1-[1+1/Q20) 2% e *5ai20m1) }

The part, &{ } in 03, can be well approximated by a sum of three exponential functions,

such that:
o}~ 49 (130901 16 . 0720878 33 . o-0/164/54 1),
From the regression analysis in Fig.10A, 03=0.132; thus the proportionality

coefficient B=0.528 when o > 3.
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Table.1 Coefficients for the four curve-fits in Fig.2A, and their estimated mean
equivalent contrast (EMEQ) of the distortion product, averaged over the carrier spatial

frequency conditions.

L1 L2 L3 L4
KO 114,9+0.18 115.9£0.11 119.90.11 120.5+0.14
K1(x10-2) | 80.1+0.41 81.3+0.23 82.0£0.25 82.1%0.30
K2 (x104) | 1.38+0.24 1.88+0.14 0.92+0.15 -0.1120.18
K3 (x10-6) -7.8+0.37 -8.5%0.21 -8.9£0.23 -9.4+0.27

LEMEC(%) [ 029 0.44 0.16 | 034

The fitted pclynomial was:
£(x)=KO + K 1*(x-127) + K2%(x-127)% + K2%(x-127)>




Figure Legends

FIG.1 Spatially one dimensional envelope stimuli. A: the luminance profile of a stimulus
at a given time. B: the space-time intensity plot of the stimulus: gray level indicates the
luminance at a given spatial position (abscissa) and time (ordinate). In this example, the
contrast envelope moves leftward while the carrier remains stationary. C: the power
spectrum of the stimulus; symmetric left-side quadrants are omitted, Three Fourier
components (solid circles) are in the spectrum, but no Fourier component is at the
envelope spatiotemporal frequency (open circle). The hatched area indicates the neuron's
frequency-selective range for conventional luminance gratings. The temporal frequency
of the drifting envelope was set to the neuron's optimal value for a drifting luminance

grating (/7).

FIG.2 A:luminance response of the Joyce display screen. The abscissa indicates the
digital value in the look-up-table of the graphics card, and the ordinate is the
corresponding luminance value of the screen. Four sets of 52 measurements are shown
(dots) with polynomial curve-fits (solid lines). For clarity of illustration, three data sets
are horizontally offset in increments of 32. Four polynomial terms were sufficient for
each fit (Fitting function: f(x)=K0+K1*(x-127)+K2%(x-127)2+K3*(x-127)3; see Table 1
for the values of coefficients). B: equivalent distortion contrast from envelope stimuli,
The envelope stimuli were presented with four cycles on the screen for the envelope, and
various spatial frequencies for the carrier grating, indicated by the abscissa (cycles per
screen width, abbreviated as "cpsw"). The equivalent distortion contrast is calculated as
the square root of the sum of Fourier energy within two octaves of the envelope
frequency. The dashed lines are the equivalent distortion contrast estimated from the
curve-fits in A, and the solid line with circles indicates the distortion contrast directly
measured from the Joyce screen using a photometer. (See Table 1 for the values of the

mean equivalent contrasts from the four estimated curves.)
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FIG.3 Envelope responses for a simple type cell in arca 17. Oaly the responses to the
preferred direction of the stimulus motion are illustrated. A: the spatial frequency
dependence for the luminance response (circles) and the carrier spatial frequency
dependence for the envelope response (triangles). The responses were measured as mein
spike rates. The envelope spatial frequency was set at 0,32 cycles per degree (epd), and
the temporal frequency was at 2.5 Hz tfor both envelope and luminance stimuli, The
stimulus contrast was 77% for all the stimuli in this study, unless specifically indicated,
The optimal envelope response occurred at a carrier spatial frequency of about 2.7 cpd.
No spontaneous discharge and responses to carrier grating stimuli (drifting luminance
gratings at the carrier spatial frequencies used in the envelope stimult) were recorded. B:
post-stimulus time histograms (PSTHs) of envelope responses and luminance responses
{bin width = 25 msec). The sine-wave at the bottom depicts the temporal luminance or
envelope modulation at the center of the receptive field for the luminance grating
stimulus or envelope stimulus respectively. The top-most PSTH shows the response to a
luminance grating at the spatial frequency (fL) equal to the envelope's, while the others
illustrate the responses to envelope stimuli at various carrier spatial frequencies (f¢).
Notice the temporal modulation of the envelope responses. (Each stimulus block lasted
4.8 sec. Four blocks were tested for the luminance gratings, and six for the envelope

stimuli.)

FIG.4 Envelope responses for a simple type cell in area 18. The construction of the
figure and the convention for symbols are similar to those of Fig.3, except for the
additional illustration of the non-zero spontaneous activity and carrier responses in this
cell. A: the spatial frequency dependence for the luminance response (circles) and the
carrier spatial frequency dependence for the envelope response (triangles). The

spontaneous activity is subtracted from the data plotted, and the carrier responses are
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illustrated by the continuous curve with open circles below the envelope response curve.
The envelope spatial frequency was set at (.15 cpd, and the temporal frequency was at
2.5 Hz for all the stimuli. Significant envelope response is observed at around 2.2 ¢pd
carrier spatial frequency, in contrast with the very small carrier responses. B: PSTHs for
envelope responses, luminance grating responses, carrier responses, and spontaneous
activity (bin width = 25 msec). The PSTHs in the right side of the lower panel shows th=
carrier responses and spontianeous activity. Notice the similarity among the carrier
response and spontaneous activity histograms, whereas the envelope responses (left side
histograms) are clearly larger and temporally modulated by the stimulus cycles. (Each

stimulus block lasted 4.8 sec, Three blocks were tested for all the stimulus conditions.)

FIG.5 Envelope responses for i complex type cell in area 17. The figure convention is
the same as that of Fig.4. The envelope spatial frequency is set at 0.21 cpd. The envelope
response for this complex cell was not temporally modulated by the stimulus cycles,
similar to the luminance grating responses. Notice the significant envelope response at
2.8 cpd carrier spatial frequency, in contrast with the negligible carrier response at that
frequency. (Each stimulus block lasted 4.8 sec. Four blocks were tested for the luminance

gratings, and seven for other stimulus conditions.)

FIG.6 Envelope responses for a complex type cell in area 18. The convention is the same
as that of Figs.4 and 5. The envelope spatial frequency is 0.11 cpd for all the envelope
stimuli, and the optimal carrier frequency is around 1.5 cpd. Notice in this cell that the
envelope responses were almost as large as the responses to luminance gratings. (Each
stimulus block lasted 4.8 sec. Two blocks were tested for the luminance gratings, and

three for other stimulus conditions.)



FIG.7 Comparison of envelope responses with luminance grating responses at three
different contrasts on an area 18 complex cell. A: spatial frequency dependence, The
abscissa indicates the spatial frequencies for the luminance gratings, or the envelope
spatial frequencies for the envelope stimuli. The carrier spatial frequency for the envelope
stimuli is at the cell's optimal (1.5 cpd). Notice the envelope responses (triangles) are
even larger than the luminance responses at 3% contrast. The spontancous activity has
been subtracted from each plotted response. B: PSTHs of luminance and envelope
responses at spatial frequency of 0.13 cpd. (Binwidth = 6.25 msec; temporal
frequency=2.5 Hz. Each stimulus block lasted 4.8 sec. Two blocks were tested for the
Iuminance gratings at 77% contrast, four blocks for the luminance gratings at 0.6%, and

three blocks for the envelope stimuli and luminance gratings at 3%.)

FIG.8 A: spatial frequency transfer function of the diffusing sheet for contrast (triangles)
and mean luminance (circles). B,C,D: envelope responses for three area 18 complex cells
that were measured with (filled triangles) or without (open triangles) the diffusing sheet
in front of the CRT, and are plotted as functions of carrier spatial frequency. Carrier
responses (circles) are plotted for reference. For cells in B and C, the envelope response
was also measured with a 0.3 log unit neutral density filter in front of the tested eye
{squares). The spontaneous activity has been subtracted from each response. (The cell in
C is the same cell shown in Fig.6. The envelope spatial frequency is 0.05 cpd for D and

0.11 cpd for B and C)

FIG.9 Envelope responses to low-contrast stimuli. The dependence of envelope
responses on the carrier spatial frequency was measured at three stimulus contrasts for the
cell in A and two contrasts for the cell in B. The carrier responses are plotied with open
circles for reference. (The envelope spatial frequency was .21 cpd for the cell in A and

0.105 cpd for the one in B. The cell in A was the same as shown in Fig.6.)

86
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FIG.10 A: comparison of carrier grating response with spontaneous activity. Each data
point represents one cell. Each carrier grating response is the neuron's response to a
preferred-directional drifting luminance grating at the optimal carrier spatial frequency of
the envelope responses. The regression analysis (solid line) is performed on the square
root transformed data, B: the distribution histogram of neurons for the normalized

envelope-responsive score (NERS); the bin width is 0.25, The NERS is calculated for

each cell as (vVEnv — .\/Max(Spon,Curr)} / SD, where SD is the standard deviation of
(VSpon-VCarr). A cell is classified as "envelope-responsive” when its NERS is larger
than 2.5 (indicated by a dashed line).

FIG.11 A: Distribution of Envelepe-responsivé cells in area 17 and 18 for simple and
complex types. The solid histogram bars are for the number of envelope-responsive cells,
whereas the open histogram bars are for the total number of cells sampled. The
percentages on the top of the bars indicate the percentage of envelope-responsive cells in
each group. B: Scatterplot of cells’ optimal luminance spatial frequencies and retinal
eccentricities. Each data point represents a cell, with different symbols indicating the cell
type and cortical area (The abbreviations in the inserted legend box are: "Env." for
envelope-responsive cells, and "non-Env." for non-envelope-responsive cells; "A17" for
area 17 cells, and "A 18" for area 18 cells; "S" for simple type cells, and "C" for complex
type cells). The line marked as "Acuity" is the averaged cut-off spatial frequency for X-
type retinal ganglion cells replotted from Cieland et al. (1979}, and the dashed lines of

Acuity/10 and Acuity/20 are one tenth and twentieth of these values,

FIG.12 Comparison of response strength between envelope and luminance grating
responses. Each data point represents the data from one envelope-responsive cell. Both

envelope responses and luminance responses are those at the cell’s optimal stimulus



conditions, i.e. optimal carrier spatial frequencies tor the envelope responses, optimal

luminance spatial frequency tor the luminance responses, and movement in the preferred
direction. The spontaneous activity has been subtracted. The unity line (y=x, solid line),
half-unity line (y=x/2, finely dashed line), and quarter-unity line (y=x/4, coarsely dashed

line) are plotted for reference.

FIG.13 A: comparison of response modulation produced by envelope stimuli and
luminance grating stimuli, in cells classified as envelope-responsive, The AC/DC scores
of both envelope responses and luminance grating responses are calculsted for every
envelope-responsive cell, according to Skottun et al.'s (1991) relative modulation depth of

STHs used in classifying simple and complex cells. Each data point represents one cell,
B: a polar plot of the temporal phase lag of the envelope responses in comparison 1o the
luminance grating responses. Each data point represents one cell, and the phase lag is
expressed by the angle of each plotted point. The same spatiotemporal frequencies were
used for envelope and luminance grating stimuli. A negative phase difference indicates
that the temporal phase of the envelope response is lagged in comparison with the same
neuron's luminance grating response. Thirteen envelope-responsive cells are plotted in
this figure, having AC/DC ratios larger than 0.7 for both the envelope responses and

luminance responses.

FIG.14 Orientation selectivity of envelope responses from four envelope-responsive
cells. The dependences of the envelope responses on carrier spatial frequency are
illustrated for two orientations (optimal in triangles and orthogonal to optimal in squares)
in each plot. The carrier responses at optimal orientation (circles) are also plotted for
reference, A: simple area 17 cell. B: complex area 17 cell. C: simple area 18 cell. D:

complex area 18 cell.
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FIG.15 Comparison of the magnitude and sign of direction selectivity between envelope
responses and luminance responses, for envelope-responsive cells. The direction selective
index is calculated as (P-N)/(P+N-28), in which P is the response to the stimulus moving
to preferred direction, N is the response to the null direction, and S is the spontaneous
activity. Each data point represents one envelope-responsive cell. Both envelope
responses and luminance responses are taken from those at the cell's optimal stimulus
conditions, i.e. optimal carrier spatial frequencies for the envelope responses ar - ntimal
luminance spatial frequency for the luminance responses. The dashed line divides the plot
space in two halves; the upper half indicates the preferred direction is the same for the
envelope responses and luminance grating responses, while the lower half indicates the

two responses preferring opposite directions. The solid line is a unity line.
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Summary and Conclusions

1. The preceding paper demonstrated that some neurons in areas 17 and 18 could respond
to envelope stimuli whose Fourier components fell outside the cell's spatial frequency
selective range. The spatial properties of such envelope responses were investigated here

to explore the underlying receptive field mechanism,

2. Three major spatial properties of envelope responses were found. Firstly, the envelope
responses were selective to the carrier spatial frequency in a narrow range of frequencies
higher than a given cell's luminance spatial frequency selective range (luminance pass-
band). Secondly, & given cell's dependence on envelope spatial frequency ofien differed
from its luminance pass-band. Lastly, the optimal carrier spatial frequency dependence
did not shift systematically with the envelope spatial frequency, supporting the
hypothesis that the carrier and envelope spatial frequency dependences were mediated by

distinct mechanisms.

3. In contrast to the direction selectivity to the envelope motion in many envelope-
responsive cells (preceding paper), no direction preference to carrier motion was found
for envelope responses. The direction of carrier motion did not alter the direction
preference for envelope motion, supporting the hypothesis that the carrier and envelope

temporal properties were mediated by separate mechanisms.

4, The distributions of the optimal carrier and luminance spatial frequencies among
envelope-responsive cells were analyzed. The optimal carrier spatial frequency ranged
from five times the cell's optimal luminance spatial frequency to the upper resolution

limit of the X-retinal ganglion cells at the same retinal eccentricity.



5. A three-stage processing mode! is proposed for explaining these properties of envelope
responses: an early non-direction-selective spatial filter, selective to narrow ranges of
high-spatial-frequency; an intensive nonlinear transformy; and a late direction-selective
spatial filter preferring low spatial frequencies. Computer simulation indicated that the
carrier and the envelope spatial frequency dependences were primarily determined by the
spatial frequency pass-bands of the early and late filters, respectively. The effects of
nonlinearity on the envelope responses were to alter the bandwidth of the carrier spatial
frequency dependence, to produce higher order harmonics in the envelope responses, and
possibly to skew the envelope spatial frequency dependence towards lower spatial

frequency.

6. Two alternative receptive field models are proposed to account for both the luminance
and envelope responses in the envelope-responsive cells. One is the "hybrid" model of
Henning et al (1975), which uses the same filter (late filter) to provide spatial frequency
selectivity for luminance responses and to extract the envelope component produced by
the nonlinearity after the early filter. The other is a "two-stream” model, which has
separate filters for luminance processing and extracting the envelope component after the
envelope processing nonlinearity. Thus the envelope and luminance processes are

completely separate in the two-stream model.

7. In conclusion, this study indicates that any nonlinearity, which is common to all visual
stimuli before narrow-band spatial-frequency-selective filtering, does not contribute to
the envelope responses in area 17 and 18 neurons; a specialized processing stream is
needed to supplement the traditional luminance processing stream in these cells. This
specialized stream responds to the envelope stimuli and is selective to their carrier and
envelope spatial frequencies. The distributions of the optimal luminance and carrier

spatial frequencies indicate a rich variety of possible integration between luminance and
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. envelope information.
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Introduction

Studying the receptive field properties of single neurons in early visual cortex has
benefited greatly from using luminance sine-wave grating stimuli, which provided
analytical power to explore the underlying mechanism of neural responses. Single
neurons were found to respond selectively to the spatial frequency and orientation content
of visual stimuli (Campbell et al 1969; Maffei and Fiorentini 1973; Tolhurst and
Movshon 1975; Movshon et al. 1978a,b,c; Pollen and Ronner 1983; Heggelund 1986; De
Valois et al. 1982, 1988; Jones et al. 1987a,b,c; Baker 1990). Furthermore, such a Fourier
spatial frequency domain description of the neuron’s response properties is consistent
with the spatial profile of the receptive field (Movshon et al. 1978a,b; Jones et al. 1987c)
and the neuron's responses to stimuli with multiple Fourier components (Maffei et al
1979; Albrecht and De Valois 1981; Pollen and Ronner 1982; Movshon et al 1985).
Linear spatial frequency selective filters are well suited to modeling such a localized
frequency decomposition of retinal luminance variations.

However, such a linear-filter scheme has been challenged by findings that neurons
can respond to stimulus attributes without corresponding retinal luminance variation,
such as the anomalous contours produced by abutting gratings (von der Heydt and
Peterhans 1989; Redies et al 1986; Grosof et al. 1992} and envelope patterns (Zhou and
Baker 1993, submitted). Using envelope stimuli consisting of a high-spatial-frequency
luminance grating (carrier) with its contrast modulated by a low-spatial-frequency sine-
wave {envelope), the preceding paper (Zhou and Baker submitted) demonstrated that
some neurons responded to the envelope even though all the Fourier components in the
stimuli were well outside of the cell's luminance pass-band. The envelope responses were
similar to the luminance grating responses for a given neuron in the preferred direction of
stimulus motion, degree of temporal modulation in the responses following the temporal

cycles of the stimuli, and the preferred orientation of the stimuli. However, the stimuli



contained no Fourier component at the envelope spatictemporal frequency; the existence
of such envelope responses points out the need to revise the contemporary understanding
of early cortical processing as linear, local spatial frequency filtering,

The envelope stimuli used in this investigation possess considerable analytical
power for elucidating the underlying mechanism of the envelope responses, due to their
simplicity in the Fourier frequency domain. There are only three frequency components:
a carrier component at the carrier spatiotemporal frequency, a low side-band at the carrier
minus envelope frequency, and a high side-band at the carrier plus envelope trequency.
The envelope stimuli are also band-limited; when the carrier and envelope spatial
frequency are very different, the three Fourier cemponents are constrained in a narrow
range of spatial frequency. The preceding paper (Zhou and Baker submitted) has shown
that the simple composition of the envelope stimuli in the Fourier domain provided o
clear separation of neural responses to envelope patterns from those to the luminance
Fourter components in the envelope stimuli, such that neurons responded significantly to
the envelope pattern but negligibly to the frequency components in the stimuli. In this
paper, the band-limited nature of envelope stimuli will serve as an analytical tool to
explore the underlying mechanism of the neural envelope responses. Three spatial
properties of envelope responses will be reported: 1) the envelope responses depend on a
narrow range of carrier spatial frequency, higher than a given cell's luminance pass-band,
2) the envelope responses depend on a range of envelope spatial frequency often lower
than the cell's luminance pass-band, and 3} the optimal carrier spatial frequency
dependence does not shift systematically with the envelope spatial frequency in the
stimuli, supporting the hypothesis that the carrier and spatial frequency dependences are
separately mediated by distinct filtering processes. The direction preference of envelope
responses to motion of the carrier is then examined, and the distribution of the optimal
carrier spatial frequencies among envelope cells is ;:ompared with their optimal

luminance spatial frequencies.
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Two "separate-stream” receptive field models are proposed, highlighting the
fundamental difference between envelope responses and responses to luminance-defined
gratings; a simple modification of the linear filter scheme, such as adding an early
nonlinearity, cannot explain the spatial properties of both envelope and luminance
responses. A simulation is conducted on the proposed model of the envelope-responsive
stream 1) to test the predictive power of the model in comparison to neurophysiological
data and 2) to illustrate certain features of the envelope-responsive stream for future

neurophysiological studies.



Methods

Methods of surgical preparation, electrophysiological recording, stimulus display,
and data analysis have been described in the preceding paper. The envelope stimuli
consisted of a high spatial frequency luminance grating (carrier) whose contrast was
modulated by a low-spatial-frequency sine-wave (envelope). Except where noted, only
the envelope moved while the carrier grating was kept stationary.

The statistical significance test for the envelope responses was the same as in the

preceding paper. A normalized envelope response score (NERS) was calculated for a

given envelope response as (VEnv - ¥ Max(Spon,Carr)) / SD, where Env was the
envelope response, Spon the spontaneous response, Carr the carrier grating response, and
SD (=0.36) the estimated standard deviation of the square-root transformed spontancous
activity. The envelope response was considered as significant if its NERS waus larger than
2.5. A similar statistical procedure was used to determine the significance of a neuron's
response to a contrast-reversing grating at the carrier spatial frequency. A normalized
response score (NRS) was calculated for a given contrast-reversing grating response as
(VRSP - +/Spon) / SD, in which RSP was the contrast-reversing grating response, and
Spon and SD the spontaneous response and its estimated standard deviation (=0.36) after
the square root transform as in the NERS. Similarly, the response to the contrast-
reversing grating was considered significant only when its NRS was larger than 2.5,

The computer simulation of the spatial properties of the envelope-responsive
model was conducted on a Macintosh Ilci, using Igor graphing and data analysis software

(WaveMetrics Inc.).
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Results

Ninety-four cells from areas 17 and 18 were studied with both envelope and
luminance grating stimuli. Thirty-nine cells were found to be significantly envelope-
responsive (see the preceding paper for the statistical procedure). The occurrence of these
envelope-responsive cells was high among area 18 cells (half of the simple cells, n=22;
and one-third of the complex cells, 70%, n=30), low among area 17 complex cells (20%,

n=30), and rare among area 17 simple cells (one out of twelve).

Dependence on carrier spatial frequency

Three basic measurements were made on every cell (n=94). The first one was the
luminance spatial frequency dependence, measured with a set of drifting luminance
grating stimuli at various spatial frequencies. The second was the dependence of envelope
responses on the carrier spatial frequency, measured with a set of envelope stimuli at a
series of carrier spatial frequencies that were chosen to be equally spaced on a log scale,
and at an envelope spatial frequency either equal to the cell's optimal luminance spatial
frequency or slightly lower. The third was the response to drifting luminance gratings at
the carrier spatial frequency, to confirm that there were no residual responses to
luminance gratings whose spatial frequencies were outside the cell's luminance pass-
band. Non-envelope-responsive cells showed negligible responses to envelopes whenever
the Fourter components of the envelope stimuli were all outside of the cell's luminance
spatial frequency tuning range. For envelope-responsive cells, significant envelope
responses were observed in contrast to the negligible carrier responses.

The data presented in Fig.] was obtained from a simple-type area 18 cell,
representing a typical result among the 39 envelope responsive cells. The responses to
both luminance grating stimuli and envelope stimuli are illustrated for comparison. The

left side panel shows the cell's luminance (circles) and carrier (triangles) spatial
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frequency dependences, with the abscissa indicating the spatial trequency of each. The
solid lines and symbols indicate responses to stimulus motion in the same direction as the
cell's preferred direction for luminance gratings, and the dashed lines and open symbols
are for the non-preferred direction. Significant envelope responses (wiangles) are
observed in a narrow range of carrier frequency. The neuron's carrier responses (squares)
are negligible. As indicated by this graph, the carrier spatial frequency tuning occupies a
range of spatial frequency much higher than the cell's luminance frequency tuning range
(luminance pass-band). With the exception of only one cell, the two tuning ranges did not
overlap. Such envelope responses cannot be explained by the neuron's responses to the
Fourier components in the stimuli because they are clearly outside of the luminance
spatial frequency tuning range of the cell.

The right side panel of Fig.1 shows the post-stimulus time histograms of the
averaged responses to single temporal cycles of the stimuli, corresponding to the stimulus
conditions indicated in the left side graphs by tags A-C. The response histograms
compare the cell's gptimal envelope response (B) with its luminance grating responses at
the envelope spatial frequency (A), the carrier responses (C), and the spontaneous
activity. Temporal modulations are seen for both the envelope response and luminance
response, in contrast to the negligible carrier response and the spoataneous activity.

The discovery of non-Fourier envelope responses may be reconciled with
previous findings from other groups that the responses to envelope stimuli and other
multiple-component stimuli are mostly explained by the neuron's responses to the spatial
frequency components in the stimuli (Maffei et al 1979; Albrecht and De Valois 1981;
Pollen et al, 1982, 1988; Movshon et al 1985), because the Fourier components in the -
stimuli of these groups were near to or inside of the cell's luminance pass-band. Under
such stimulus condition, the Fourier components in the stimuli would have rarely fallen
inside the cells' carrier spatial frequency pass-bands for envelope responses. In the case of

envelope stimuli, an interesting circumstance is when the low side-band of the envelope
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stimulus falls inside the neuron's luminance spatial frequency responsive range, whereas
the other two frequency components are outside. Because the low side-band is moving in
the opposite direction of the envelope pattern, the component responses predict that the
neuron's preferred direction to the envelope motion should be the opposite of its preferred
direction to the single luminance grating stimuli.

Forty-eight cells (including 17 envelope-responsive cells) were examined with
envelope stimuli in which the low side-band fell inside the cell's luminance pass-band.
Most of the cells (n=39, including 13 envelope-responsive cells) showed a preferred
direction of envelope motion opposite to that of the luminance grating stimuli, in
agreement with the above prediction. The other nine cells did not respond to either
direction of envelope motion, implying some nonlinear, possibly subthreshold,
interactions between the Fourier components in the stimuli.

Fig.2 illustrates a typical example from an area 17 complex-type envelope-
responsive cell. The graph in the left panel uses the same conventions as Fig.1 to show
three types of responses: luminance responses (circles), envelope responses (triangles),
and carrier responses (squares). The solid lines and symbols are for responses to the
stimulus motion in the preferred direction of the cell and the dashed lines and open
symbols are for the non-preferred direction. A significant envelope response (B) is
observed for a high carrier spatial frequency compared with the negligible carrier
response (C); the graph also shows the increased responses (tag D) to the envelope
stimuli when the carrier spatial frequency is at the edge of the cell's luminance pass-band
(0.86 cpd, equal to two times the envelope spatial frequency). Under this stimulus
condition, the low side-band of the envelope stimulus was at the cell's optimal luminance
spatial frequency (response condition A). Consistent with the prediction from the
component responses, the preferred direction of the response to the envelope stimulus
was reversed (open triangle marked by tag D) due to the opposite directions of motion for

the envelope and the low side-band. The lower response at D than that at A was
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presumably due to the contrast of the low side-band being four times lower than that of
the luminance grating at A. In the right column of the right panels (A" and D), the
temporal modulations of the envelope responses in D were compared with those of
luminance responses uat the spatial frequency of the low side-band A'. In this cell, the low
side-band of the envelope stimulus (condition D) was the same as A in spatial frequency,
but advanced by quadrature spatial phase and smaller in contrast (one fourth of that of
A)[1]. Despite these differences, D and A' (the quadrature phase shift of A) were similar
in temporal phase and degree of temporal modulation, indicating the major contribution
from the low-side-band component response to the envelope response at the condition D,

The above results indicate the existence of two fundamentally different types of
response to envelope stimuli: responses to luminance components in the stimuli when the
carrier spatial frequency is inside or at the edge of the cell's luminance pass-band, and
responses to envelope patterns when the carrier spatial frequency is inside the carrier
frequency pass-band. This investigation concerns only the later responses to the envelope
pattern.

Unlike other envelope-responsive cells, Fig.3 illustrates the only cell in this
sample having overlapping luminance and carrier spatial frequency tuning ranges; no
spatial frequencies between the two tuning ranges were observed to have negligible
envelope and luminance responses. Instead, there was a "notch” (at around 0.8 cpd) in the
carrier spatial frequency tuning curve, which implied a narrow-band tuning of the carrier
frequency higher than the luminance frequency tuning range. Within this notch, the
responses to envelope stimuli may be a combination of the responses to the envelope
pattern and the responses to the Fourier components. Consider the stimulus condition
closest to the valley of the notch at the spatial frequency of 0.79 cpd. The luminance
response was negligible, while significant envelope responses were observed without bias
to either direction of the envelope motion, despite the cell's direction selectivity to both

envelope and luminance stimuli at their optimal spatial frequency conditions (tags A and
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B). Because the low side-band compoenent (0.63 cpd) in the envelope stimulus of that
carrier spatial frequency was on the edge of the luminance frequency tuning of the cell,
the response to the non-preferred direction of the envelope motion may be largely due to
the cell's response to the lower side-band component, which moved in the preferred
direction of the cell. On the other hand, the response to the preferred direction of
envelope motion (at 0.79 cpd carrier spatial frequency) might be attributed to the neuron's
envelope response mechanism. Thus a joint contribution of responses to the envelope
pattern and Fourier components at this spatial frequency condition could provide a
reasonable account for the data, whereas it would be difficult to explain if only the
responses to the envelope pattern, or to Fourier components, were considered in
interpreting the non-direction selective envelope responses at this spatial frequency

condition.

Dependence on envelope spatial frequency

Fourteen envelope-responsive cells were further examined for their envelope
spatial frequency dependence (1 area 17 simple cell, 1 area 18 simple, 4 area 17 complex,
and 8 area 18 complex). The carrier spatial frequency was set at the cell's optimal value
obtained from the above measurement of carrier spatial frequency dependence, and a
series of envelope spatial frequencies were tested. Fig.4 illustrates typical examples in
which the envelope (triangles) and luminance (circles) spatial frequency dependences are
compared on each cell. The solid lines and symbols indicate responses to stimuli moving
in the cell's preferred direction, and the dashed lines and open symbols show the non-
preferred direction. For clarity of illustrating the difference in frequency dependences, the
envelope and luminance responses are separately normalized by their largest values. The
envelope and luminance spatial frequency dependences were generally found to differ for
most cells. The degree of deviation between the envelope and luminance spatial

frequency dependences varied from cell to cell. In some cells (n=8), the two tuning
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ranges differed greatly, as in Fig.4A-D; the envelope spatial frequency tuning ranges
were lower than, but overlapping with, the range of the cell’s luminance spatial frequency
tuning. For other cells (n=6), the relation between the two tuning curves varied ! 'om
almost the same (n=2; Fig.4F) to slightly different, such that the envelope spatial
frequency tuning range included the fluminance pass-band but extended turther to lower
spatial frequencies (Fig.4E). No cells were found to respond better 1o higher envelope
spatial frequencies than to luminance spatial frequencies.

The envelope spatial frequency tuning curves appeared low-pass in six cells
(Figs.4A-C). Due to limitations of the graphics card, it was not feasible to test even lower
envelope spatial frequencies for these cells to see if their envelope frequency wning
would fall off at lower frequencies. However, the contrast-reversing luminance grating
stimuli at the carrier spatial frequencies were used to examine if cells could respond to
zero envelope spatial frequency [2]. Sixteen neurons[3], comprised of three area 17
envelope-responsive complex cells, seven area 18 simple cells (including four envelope-
responsive cells), and six area 18 complex cells (including three envelope-responsive
cells) were tested with contrast-reversing grating stimuli at various spatial frequencies
and five spatial phases (0, n/5, 2n/5, 3n/5, 4n/5). Except for two area 18 simple cells, no
significant responses (see method section for the "NRS" statistical procedure) were
observed for the contrast-reversing gratings when their spatial frequencies fell outside of
the cell's luminance spatial frequency tuning range, implying a band-pass property of
envelope spatial frequency dependence for most of the envelope-responsive neurons.

In Fig.5 the contrast-reversing grating responses (crosses), averaged over the five
spatial phases for each spatial frequency condition, are compared with the cell's envelope
responses (triangles). The luminance responses (open circles) are plotted for comparison
to the cell's luminance spatial frequency pass-band. These luminance responses were
measured in two sets of trials for each cell. One was with drifting grating spatial

frequencies within the cell's pass-band. The other was with contrast-reversing grating
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spatial frequencies at the carrier spatial frequencies of the envelope stimuli, to provide an
estimate of the neuron's responses 1o the components in the envelope stimuli (see Fig.10A
of the preceding paper). In this case, the luminance grating stimuli were randomly
interleaved with the envelope stimulus conditions. Figs.5A-D show typical examples for
the majority of cells, The contrast-reversal grating responses are negligible and not
different from the luminance grating responses at the carrier spatial frequencies, in
contrast with the significant envelope responses.

Two exceptional cells are illustrated in Figs.5E and F. One was envelope-
responsive (Fig.5E), and showed small responses to the contrast-reversing grating at the
spatial frequency of the optimal carrier for the envelope responses. In agreement with
Ferster and Jagadeesh's observation (1991), this response was at the second harmonic of
the temporal modulation, demonstrating a residual response at zero envelope spatial
frequency. The other cell was non-envelope-responsive (Fig.5F). Its responses to the
contrast-reversing griatings were contributed by an elevation of the mean spiking rate
without producing significant temporal modulation. Both cells did not show systematic
variations in responses to the five spatial phases of the contrast reversal gratings. The
existence of these two cells with high-frequency contrast-reversing grating responses
implied that the shape of the envelope spatial frequency dependence for some cells was

low-pass.

Separability of envelope and carrier spatial frequency dependences

The above results have indicated how envelope responses depended on carrier and
envelope spatial frequencies for a given cell. One may wonder whether the carrier spatial
frequency dependence varies with the envelope spatial frequency in the stimuli, or if the
two spatial frequency dependences are separable. Fourteen envelope-responsive cells (1
area 17 simple cell, 2 area 17 complex, 3 area 18 simple, and 8 area 18 complex cells)

were tested for carrier spatial frequency dependence using a series of values of envelope
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spatial frequencies. Fig.6 shows results from eight representative cells. The luminance
responses (circles) are graphed to provide a reference for the luminance spatial trequency
pass-band of the cells. The inset box for each graph indicates the envelope spatial
frequencies and their symbols. Responses to stinuli moving in the preferred direction of
the cells are plotted in solid lines, and dashed lines indicate the non-preferred direction
responses. Fig.6A is the only envelope-responsive area 17 simple cell in this sample, and
Fig.6B-G show two typical ceils for each of the three combinations: area 17 complex,
area 18 simple, and area 18 complex. Notice that in each case the selective runge of
carrier spatial frequency does not shift for different envelope spatial frequencies and the
shapes of the carrier frequency tunings generally agree with each other. Fig.6H shows an
exceptional cell, whose data are in the poorest agreement with the separable dependence
hypothesis; the carrier spatial frequency dependences at envelope spatial frequencies of
0.1 cpd and 0.25 cpd do not fall off at the high spatial frequency, unlike the carrier
frequency dependence at 0.15 cpd envelope spatial frequency. Even for this cell, the
selective ranges of carrier spatial frequency under different envelope spatial frequencies
largely overlap. Aside from this exceptional case, the hypothesis of separate dependences
of envelope responses ¢n envelope and carrier spatial frequencies is generally supported
by the data from most neurons tested.

The separable carrier and envelope spatial frequency dependences suggest they
are mediated by separate mechanisms. Because the two frequency dependences differ
greatly in their spatial frequency selective ranges, the suspected mechanism for carrier
spatial frequency dependence may be subunits whose spatial dimensions are much
smaller than the cell's receptive field size, and the mechanism for envelope spatial
frequency dependence could be a process pooling the responses from these envelope-

responsive subunits,
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Direction selectivity for carrier motion

All experiments described so far hive employed envelope stimuli with stationary
carriers. Envelope responses have been shown direction selective for the envelope motion
(preceding paper) with a stationary carrier. Envelope stimuli with a moving carrier were
used to see whether the envelope responses are also selective to the direction of carrier
motion, whether there are any interactions between the carrier and envelope motion, (e.g.
such that the direction of carrier motion might reverse the preferred direction of envelope
motion), or whether the moving carrier facilitates or inhibits the envelope responses.

Six envelope-responsive cells (1 area 17 complex, 1 area 18 simple, and 4 area 18
complex cells) were studied with the carrier grating moving in both the preferred and
non-preferred directions of the cell at several temporal frequencies. Both directions of
envelope motion were tested for all the moving carrier conditions. The carrier spatial
frequencies of the stimuli were set at the cell's optimal.

Fig.7 illustrates the results from three typical cells (Fig.7A,B,C) and an
exceptional cell (Fig.7D). The solid lines are for the envelopes moving in the preferred
direction of the cell, and the dashed lines for the non-preferred direction of envelope
motion. The abscissa indicates the carrier temporal frequencies expressed in multiples of
the envelope temporal frequency; positive values indicate carrier motion in the same
direction as the envelope's, whereas negative values indicate the opposite. Notice that
none of the stimulus conditions are "rigid" motion; the carrier is always moving slower
than the envelope due to the large ratio between the envelope and carrier spatial
frequency (see the figure legend). The envelope responses do not show a preference for
the direction of the carrier motion, for either direction of envelope motion. Instead, the
envelope responses are either enhanced (Fig.7A,B) or not affected (Fig.7C) when the
carrier grating is moved. At higher temporal frequencies of the moving carrier grating,
the envelope responses start to decline (Fig.7C). Most importantly, the direction of carrier

motion does not alter the direction preference of the responses to envelope motion.



Fig.7D shows an exceptional cell which has a directional bias for the carrier motion at a
carrier temporal frequency of 1.25Hz, This cell also shows an unusual feature of reduced
or slightly reversed directional bias for envelope motion with the carrier moving in the
cell's non-preferred direction at 0.6Hz. Even for this cell, the general trend of the
envelope responses over the carrier temporal frequency is consistent for the two
directions of the carrier motion.

The lack of interaction between direction selectivity of envelope and carrier
motion further supports the hypothesis that the envelope responses are mediated by two
mechanisms: envelope-responsive subunits that determine the carrier spatiotemporal
properties and a late pooling mechanism that determines the envelope spatiotemporal
properties. The decline of envelope responses at high carrier temporal frequency (Fig.7C)

suggests an upper limit of the subunits' temporal puass-band.

Population Distribution of optimal luminance and carrier spatial frequencies

The above results show the spatial properties of envelope responses at a single-
cell level. This section concerns the spatial properties of envelope responses among the
population of envelope-responsive cells, to address the question: what determines the
optimal carrier spatial frequency for a given cell? In other words, is the optimal carrier
spatial frequency fixed for neurons at a given retinal eccentricity, which might suggest a
common source for the hypothetical envelope subunits? Or are the optimal carrier and
luminance spatial frequencies in a fixed ratio, implying a certain composition rule for the
envelope responsive mechanism? Or do some other rules determine the optimal carrier
spatial frequency? Investigating these problems is very important in considering the
possible neural implementation of the envelope-responsive mechanism and the
representation of envelope information in early visual cortex.

Fig.8 plots the distributions of both the optimal carrier (circles and crosses) and

the optimal Iuminance (diamonds and asterisks) spatial frequencies against the retinal
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eccentricities of the cell's receptive ficlds. The solid line represents an estimate of the
cat's visual acuity, based on the average of the cut-off spatial frequencies of X-retinal
ganglion cells along the vertical meridian of the retina, adopted from Fig.2A of Cleland et
al, (1979). The two dashed lines are half-octave deviations from the acuity line,
approximating the variation of the measured cut-off spatial frequencies of the X-retinal
ganglion cells in Cleland et al. (1979). The optimal carrier spatial frequencies are higher
than those for luminance spatial frequency, but having an upper-bound of the cat's acuity
estimate. However, both luminance and carrier spatial frequency distributions are widely
scattered, with a gap separating them. Fig.9A illustrates the distribution of the optimal
carrier spatial frequencies in terms of the same cells’ optimal luminance spatial
frequencies. Again, the distribution shows a wide scatter without correlation between the
two optimal spatial frequencies. Thus, there is no single optimal carrier spatial frequency
for all the cells at one eccentricity, nor a characteristic ratio between the optimal carrier
and luminance spatial frequencies across the population of envelope-responsive cells.
Rather, the optimal carrier spatial frequencies have an upper-bound of the visual acuity
limit and a lower-bound somewhat above the cell's optimal luminance spatial frequency
(Fig.8). The distribution of optimal carrier spatial frequency appears to have no
correlation with optimal luminance spatial frequency (Fig.9A).

It is not clear whether the lack of correlation between the optimal carrier and
optimal luminance spatial frequencies indicates a completely random relationship
between the two optimal frequencies. Suppose that the optimal carrier spatial frequency
for a given envelope-responsive cell is randomly distributed within a range bounded by
some multiple of its optimal luminance spatial frequency and the cat's physiological
acuity. A qualitative assessment of this hypothesis is presented in Fig.9B, The ratio of
optimal carrier to luminance spatial frequency is graphed against the ratio of the cat's
upper physiological acuity to the optimal luminance spatial frequency. The data points

show a random scatter between an upper-bound of the unity line (solid line) and a lower-
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bound of a ratio of 5 for the optimal carrier o optimal luminance spatial frequency
(dashed line), consistent with the proposed hypothesis.

This hypothesis is further supported by a quantititive assessiment that compares
the distributions of the optimal carrier/luminance spatial trequency ratio between the data
and the prediction. The optimal carrier spatial frequencies of all 39 envelope-responsive
cells were recalculated and randomly selected from 5 times the cell's optimal spatial
frequency to the upper physiological acuity (the upper dashed line in Fig.8). With 100
repetitions of this recalculation, an estimated distribution of the optimal carrier/luminance
spatial frequency ratio was obtained. Fig.9C indicates that this estimated distribution
(solid squares with error bars) corresponds well with the physiological measurements
(histogram bars).

An alternative hypothesis for the distributions of optimal carrier spatial frequency
may be that the distribution is random and has an upper-bound of the visual acuity limit
and a lower-bound of a certain fraction of visual acuity (Fig.8). However, this hypothesis
will produce the possibility that some neurons have their optimal carrier to luminance
spatial frequency ratio less than 5. For example, for the area 17 cell with tts optimal
luminance frequency at 0.4 cpd and eccentricity of 14 degree (the diamond in Fig.8
marked by an arrow), its optimal carrier spatial frequency is up on the acuity line (the
circle with an arrow in Fig.8). If this hypothesis were true, the optimal carrier spatial
frequency might be at 0.7 cpd (the cross with an arrow in Fig.8) that is less than two time
of the optimal luminance spatial frequency for this cell, a result that violates the data from
Figs.9B and C.

In conclusion, the distributions of the optimal carrier and optimal luminance
spatial frequencies are each very scattered, and not closely related 1o each other. Instead,
the optimal carrier spatial frequencies for single envelope-responsive cells appear to be
randomly distributed from about five times the optimal luminance spatial frequency to

the upper limit of the physiological acuity of the cat,



Models

The finding of envelope responses in area 17 and 18 neurons challenges the
contemporary linear-filter receptive field models for neurons in early visual cortex.
Nonlinearity has (o be incorporated into receptive field models to explain the envelope
responses and their spatial properties. The following studies explore the simplest
receptive ficld models for envelope-responsive cells that explain both the spatial
properiies of the envelope and the luminance grating responses. To simplify the analysis,
the components of the models are only linear filters and pointwise nonlinearities(4].

Fig.10 tllustrates four possible models. The left side of the figure shows two
"single-stream" processing models (A and B), and the right side two "separate-stream”
processing models (C and D). According to the simplest (“early nonlinear") model
(Fig.10A), all stimuli first go through a pointwise nonlinear transform, such as a half-
wave rectification, then are processed by a narrow spatial-frequency-selective filter,
When an envelope stimulus is processed by this model, the nonlinearity will produce a
Fourier component (distortion product) at the envelope spatiotemporal frequency; this
distortion product is then picked up by the narrow spatial-frequency-selective filter,
allowing the neuron to respond to the envelope stimulus. This model does not produce the
narrow carrier-spatial-frequency-dependence observed in envelope-responsive neurons
(Figs.1-3). Also, this model predicts an identical spatial frequency selective range for
both envelope and luminance patterns, because both are processed by the same filter. This
prediction is violated by the lack of correspondence between the envelope and luminance
spatial frequency dependences (Fig.4).

The model in Fig.10B can explain the spatial properties of the observed neuronal
envelope responses: the Fourier components of an envelope stimulus are passed by the
early filter if they fall inside its pass-band; the following nonlinearity produces a Fourier

component (envelope component) at the envelope spatiotemporal frequency, which is
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then extracted by the late filter. In this model, the narrow carrier spatial frequency
dependence and the lack of direction preference to carrier motion are qualitatively
determined by the frequency selectivity and the non-directionality of the early filter,
while the late filter produces the envelope spatial frequency dependence and envelope
direction selectivity. This model predicts that the carrier and envelope spatial frequency
dependences are separable, and that carrier motion does not reverse the direction
preference for envelope motion, in agreement with the neurophysiological data (Figs.6
and 7). However, this model cannot simultaneously explain luminance grating responses.
Because the early and late filter pass-bands do not overlap, this model does not respond at
all to conventional luminance grating stimuli,

To also explain neural luminance grating responses, luminance and envelope
information have to be processed separately. Fig.10C is a "hybrid" model proposed by
Henning et al (1975), based on their human psychophysical data. The envelope stimuli
are processed by a three-stage computation as in Fig.10B, whereas the luminance grating
signals bypass the early filter and nonlinearity. This model uses the same filter (late filter)
to extract the envelope component and the luminance grating. On the other hand, the
"two-stream” model in Fig.10D uses different filters for the luminance processing and the
late envelope filtering. Thus in the two-stream model the envelope and luminance
processes are completely separated. The question of which one is more appropriate relies
on the evidence that inconsistent envelope and luminance spatial frequency dependences
have been observed in many cells (Fig.5). The two-stream model easily explains this
phenomenon by allowing different spatial frequency selective ranges for the late filter and
the luminance filter. On the other hand, the hybrid model can also produce different
envelope and luminance spatial frequency dependences, under certain restricted

conditions which will be discussed below.



The above analysis qualitatively explains the spatial properties of neuronal
envelope responses, such as the envelope and carrier spatial frequency dependences,
using a three-stage computation. However, the following computer simulations of such a
computational model will demonstrate that the carrier and spatial frequency dependences
of the model are not solely determined by the early and late filters. The pointwise
nonlinearity can sharpen the carrier spatial frequency dependence if it is expansive, or
broaden the carrier frequency dependence, if compressive. The nonlinearity may also
produce high-order harmonics of the envelope spatiotemporal frequency, which might
explain, for the hybrid model, the deviation of the envelope and luminance spatial

frequency dependences observed in neurons.

The effective nonlinearity for envelope responses
The simplest nonlinear transforms for envelope responses are squaring and half-

or full-wave rectification. For an envelope stimulus defined as:
y(x,1) = C cosRuEx+0 1) +9) [3 + 3c0s@u(Ex+01)+0)] (Eq.1)

in which C is the contrast, f_ and f, are the carrier and envelope spatial frequency, ®, and
w, are the carrier and envelope temporal frequency, and ¢ and 0 are the carrier and
envelope phase, it can be easily proved that these nonlinearities produce a Fourier
component {(envelope component) whose spatiotemporal frequency and phase are equal to
those of the envelope. Thus an envelope response based on this component will reliably
signal the envelope modulation pattern regardless of the carrier composition. The ability
to produce an envelope component by any of these three nonlinearities (squaring, half- or
full-wave rectification) results from the fact that the positive and negative values of an
envelope stimulus are transformed differently. The half-wave rectification clips all the
negative values of envelope stimuli to zero, and the full-wave rectification or squaring
reverses the sign of the negative values to positive. Due to such a differential transform of

the positive and negative parts, the mean value averaged over one carrier grating cycle



will be elevated according to the spatiotemporal profile of the stimulus contrast;
consequently, the spatiotemporal pattern of this mean value follows that of the envelope
modulation, and becomes an envelope component in the Fourier domain of the nonlinear-
transformed envelope stimuli.

Now let's generalize this intuitive understanding of how a nonlinearity creates an
envelope component. An even-symmetric transform [N{y(x,t) }=N{-y(x,1)}] should
produce the envelope component because of the sign-reversal for negative values in an
envelope stimulus, but an odd-symmetric transform [N{y(x,t)}=-N{-y(x,0)}, e.g.
N{y}=sign(y) y2, which can be interpreted as a push-pull pair of oppositely signed half-
wave rectification and squaring nonlinearities] will not, because the same intensive
transform is applied on both positive and negative values in an envelope stimulus, An
arbitrary nonlinearity can be expressed as a sum of even- and odd-symmetric functions;
only the even-symmetric part of the nonlinearity is the effective nonlinearity for envelope
response. For example, a half-wave rectification transform can be expressed as a sum of &
linear transform and a full-wave rectification {N{y}=(y+lyl)/2]; only the full-wave
rectification produces an envelope component, not the odd-symmetric linear function. A
formal proof of these assertions is provided in Appendix A, for a broad family of
pointwise transform functions that are composed of a sum of even and/or odd-symmetric
power functions, including all the known biologically plausible pointwise transform
functions, such as half-wave rectification, squaring (Derrington 1990; Heeger 1992), and
polynomial functions.

In the following simulations, only even-symmetric functions will be used. A
mathematically equivalent expression of any even-symmetric function is to decompose it
into two cascade transforms: a full-wave rectification followed by an additional transfer
function. Examples of this additional transfer function are expansive functions (e.g.
y=x2) and compressive functions (e.g. y=Yx). Three even-symmetric functions are used

in the following studies: 1) full-wave rectification (f(x)= Ix1);2) squaring (f(x)=x2,



equivalent to a full-wave rectification followed by a squaring, an expansive additional
nonlinearity); and 3) rectified square root (f(x)ﬂjm , square root after a full-wave
rectification, a compressive additional nonlinearity). It will be shown later that the effects
of the nonlinearity on the carrier spatial frequency dependence are determined by the

expansive or compressive nature of the additional nonlinearity.

The effect of nonlinearity on carrier spatial frequency dependence

The computer simulations were conducted using Igor graphing and data analysis
software (WaveMetrics Inc.). The luminance profiles of envelope stimuli were produced
in a 1024-long array, and the stimuli were then processed by the three computational
stages: the early filter, the pointwise nonlinearity, and the late filter. Two measurements
of envelope responses were obtained from the output of the late filter: the magnitudes of
the Fourier components at the envelope spatial frequency (first harmonic) and at twice the
envelope spatial frequency (second harmonic). Gaussian functions on a log frequency
scale, with 1,65 octave half-height bandwidth, were chosen for the spatial frequency
tuning functions of the early and late filters. To simplify conventions in the simulation,
the spatial frequencies were treated as scalar variables ranging from 1 to 128, which
represents the number of cycles in the stimulus array.

The carrier spatial frequency dependence was simulated with the envelope spatial
frequency at 1. Three simulations were conducted for each nonlinearity, using 4, 11, and
32 as the optimal spatial frequencies of the early filters. The dashed lines in Fig.11
illustrate the spatial frequency tuning curves for the early filters, whereas the solid lines
represent the fundamental harmonic of the envelope responses and the lines with open
circles are for the second harmonics. For the full-wave rectification nonlinearity
(Fig.11A), little or no second harmonic envelope responses were observed (except for
small second harmonics at carrier spatial frequencies of 2 and 3 for the early filter

centered at 4[5]), and the spatial frequency tuning curves of the early filters and the
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envelope responses agreed very well. Adding an additional nonlinearity after the full-
wave rectification (Fig.11B and C) produced second harmonics of the envelope
component and a different frequency bandwidth of envelope responses from that of the
early filter, such that the carrier spatial frequency dependences of the model were
sharpened from the early filter by the squaring nonlinearity (Fig.11B), but broadened by
the square-root nonlinearity (Fig.11C),

Sharpening of a spatial frequency tuning tunction by an expansive nonlinearity
has been proposed by Albrecht and Geisler (1991, 1993) for cortical newrons' luminance
spatial frequency dependence. In their case, the stimuli were conventional sine-wave
luminance gratings. However, the sharpening effect from an expansive nonlinearity
follows from the same principle in both their study and this envelope-response modeling:
the expansive nonlinearity exaggerates the differences between the small and large
responses, resulting in a sharpened frequency tuning; whereas the converse is true for a
compressive nonlinearity to produce a broadening effect of frequency tunings by
reducing the response differences. Thus, the shape of the additional nonlinearity can be
used to predict qualitatively the shape of the carrier spatial frequency dependence from

the frequency tuning function of the early filter.

Separability of the model's envelope and carrier spatial frequency dependences

What a pointwise nonlinearity cannot do is shift the optimal carrier spatial
frequency from the early filter's optimal spatial frequency (Fig.11). Also, for a given
pointwise nonlinearity, the bandwidth of the carrier frequency dependences on a log scale
do not change with different ratios of carrier to envelope spatial frequencies (Fig.11).
Based on these two facts, the nature of the pointwise nonlinearity should not affect the
separability of the model's carrier and envelope spatial frequency dependences; with

different envelope spatial frequencies, the carrier spatial frequency dependences should



not change their optimal value and shape, although the magnitude of peak response will

vary due to the differential auenuation of envelope spatial frequencies by the late filter.

The effect of nonlinearity on envelope spatial frequency dependence

The simulation of envelope spatial frequency dependence is illustrated in Fig.12
for the same three types of nonlinearities (full-wave rectification, square, and rectified
square root). The optimal spatial frequency for the late filter (open diamonds) was 4; two
early filters with optimal spatial frequencies at either 16 or 64 were simulated (dashed
lines). In each simulation, the carrier frequency was set at the optimal of the early filter.
When the envelope component (fundamental) was measured, the shape of its spatial
frequency dependence agreed well with that of the late filter irrespective of the
nonlinearity: the envelope spatial frequency tuning curve from the early filter centered at
64 (solid lines) coincided with the late filter's frequency tuning curve and only a slight
deviation towards the lower side was found for the envelope frequency tuning curve from
the early filter centered at 16 (solid lines). As shown in the simulation of carrier spatial
frequency dependence, adding additional nonlinearity after the full-wave rectification
produced high-order envelope harmonics, which were Fourier components in multiple
spatial frequencies and phases to the envelope component (Appendix A). Consequently,
the model's responses to such envelope harmonics became optimal when the envelope
spatial frequency of the stimuli was lower than the late filter's selective range, so that the
spatial frequencies of these envelope harmonics fell in the late filter's optimal range. The
envelope second harmonic responses (solid lines with open circles) are illustrated in
Fig.12B and C. The shapes of their spatial frequency dependences were the same as that
of the late filter but centered at half the optimal spatial frequency of the late filter,
regardless of the type of additional nonlinearity (square or rectified square root),
Similarly, the third envelope harmonic's spatial frequency dependence would be centered

at one-third of the late filter's optimal and so forth for higher harmonics. The order of
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harmonics in the envelope-response histogram (PSTH) would become higher for lower
values of envelope spatial frequency.

Because of these envelope harmonics, the model's envelope spatial trequency
dependence could deviate substantially from the late filter's spatial frequency tuning
curve, if the envelope responses are calculated as a sum of the energy from multiple
harmonics in the late filter's output, The amount of such deviation would depend greatly
on the amount of high-order envelope harmonics. Consider the hybrid model (Fig. 10B) of
Henning et al (1975), in which the same filter is used as the luminance filter and the late
filter for the envelope. The luminance spatial frequency dependence is the same as the
late filter's frequency dependence, whereas the envelope spatial frequency dependence
can differ from the late filter's frequency tuning curve. Therefore, the hybrid model could
explain the discrepancy between luminance and envelope spatial frequency dependences
in the neural responses to envelope stimuli.

Three predictions can be drawn from the hybrid model. Firstly, 10 explain the
large deviation between the observed envelope and luminance spatial frequency
dependences (Fig.4A-D), the hybrid model requires the high-order envelope harmonics to
be much stronger than the envelope component (first harmonic). For such a requirement,
as shown in Appendix B, the additional poirtwise nonlinearity after the rectification
would have to be non-monotonic. Secondly, because the envelope responses are driven
by the envelope harmonics at low envelope spatial frequencies, the temporal post-
stimulus time histogram of simple cells should be dominated by higher harmonics. This
study was not able to test very low envelope spatial frequencies to evaluate this
prediction, due to the limitations of the graphics card. Lastly, the combination of
envelope responses and luminance responses should always be a linear summation either
in-phase or in anti-phase, due to the same filter (late filter) being shared by both
responses. Other ways of combining envelope and luminance responses, such as a

shunting inhibition of envelope responses from luminance responses, are not possible for
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the hybrid model. On the other hand, the two-stream model (Fig.10D) is totally
unconstrained in the choice of pointwise nonlinearity, the appearance of the temporal
pattern of envelope responses, and the manner of combining the envelope and luminance
information in explaining neurophysiological data, The differences between the two
"separate-steam" models suggest a possible direction for future research to determine
whether the two-stream or the hybrid model is more appropriate as a general receptive

field model for envelope responsive neurons.
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Discussion

This paper has demonstrated that envelope-responsive neurons in areas 17 and 18
have narrow-band tuning to the carier spatial frequency of envelope stimuli, which is
much higher than their optimal luminance frequencies. In addition, the envelope
responses showed a dependence on envelope spatial frequency that was often shifted or
extended to lower frequencies than those of the same cell's luminance spatial frequency
pass-band. The carrier and envelope spatial frequency dependences were separable in
most neurons tested, and motion of the carrier did not reverse the direction preference of
responses to envelope motion, The refationship between the optimal carrier and optimal
luminance spatial frequencies appeared to be randomly distributed between an upper-
bound of the cat's acuity at the cell's retinal eccentricity and a lower-bound of five times
the cell's optimal luminance spatial frequency.

A number of alternative models have been considered; simple "one stream"
models have been rejected, and two alternative "separate-stream” models have been
presented: the hybrid model of Henning et al (1975) and the two-stream model. Both
models are consistent with the data. Envelope information is processed by a separate
stream consisting of three consecutive stages: an early, narrow-band high-spatial-
frequency selective filtering, a pointwise nonlinearity, and a late low-spatial frequency
filtering. For the hybrid model, luminance gratings bypass the early filtering and the
pointwise nonlinearity, whereas the two-stream model uses a separate filter in parallel to
the envelope stream for luminance grating responses and an integrating process to
combine the luminance and envelope information. Because the same late filtering
mediates the luminance grating and the envelope responses in the hybrid model, a few
constraints have to be imposed on the choice of the pointwise nonlinearity and the
manner of combining the luminance and envelope information, whereas such constraints

are not necessary for the two-stream model. Future studies of interactions between
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luminance and envelope stimuli and the nature of the pointwise nonlinearity should shed
light on which of the two models is more appropriate as a general model for the receptive

field of envelope responsive cells.

Early nonlinearity in the visual system

[t is expected that many nonlinearities occur throughout the nervous system; the
basic biophysical processes in single neurons are often nonlinear. Early nonlinearities
before the cortical narrow-band spatial frequency filtering have been demonstrated, for
example, at the photoreceptor level by psychophysical studies using tnterference fringes
(Burton 1973; Sekiguchi et al 1991; MacLeod et al. 1992, 1993; Chen et al 1993) and
even among X-retinal ganglion cells and X-LGN cells by neurophysioiogical studies
(Hochstein and Shapley 1976a; So and Shapley 1981; Derrington 1987). These
nonlinearities might be possible candidates involved in visual responses to envelope
stimuli. However, several psychophysical studies have suggested that behavioral
envelope detection could not arise from such early nonlinearities under conventional
viewing conditions. Henning et al (1975) found that the strength of the envelope
nonlinearity estimated from the masking effect of an envelope stimulus on detection of a
luminance grating at the envelope spatial frequency was much larger than the luminance
nonlinearity estimated from the masking effect between luminance gratings; this result is
inconsistent with using a common, early nonlinearity to explain the masking effect from
both envelope stimuli and luminance grating stimuli, On the other hand, the early
nonlinearity hypothesis predicted that the detection of an envelope pattern was based on
the distortion product generated by the nonlinearity, which could be canceled by adding
another luminance grating at the same amplitude but opposite spatial phase of the
distortion product. However, such a nulling effect of luminance gratings was not found in
human psychophysics under conventional viewing conditions (Badcock and Derrington

1989). Furthermore, the spatiotemporal properties of envelope detection showed
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differences from those of luminance grating detection (Badcock et al 1989; Derrington
and Badcock 1985, 1986), suggesting the existence of a specialized nonlinearity which
mediated envelope detection.

Why would early nonlinearities such as the above not contribute significantly to
envelope detection under conventiona! viewing conditions? To demonstrate the
photoreceptor nonlinearity, very high stimulus contrast on the retina is needed for high-
spatial-frequency stimuli, which is achieved by using interference fringes 1o bypass the
optics of the eye. The half-height of the optical transter function of the eye is around 2
cpd for cats (Bonds et al 1972; Robson and Enroth-Cugell 1978) and 10 cpd for humans
(Williams 1990; Campbell and Gubisch 1966). For envelope stimali with high carrier
spatial frequency, the optics would attenuate significantly the stimulus contrast before
reaching the retina, probably preventing the distortion product being strong enough to
produce perceptual effects. For a quadratic nonlinearity produced at the LGN cell level
(as proposed by Derrington 1987), cortical linearity might be achieved by using "push-
pull” pairs of on-center and off-center X-cells to cancel the quadratic nonlinearity
(Derrington 1990). In general, it is feasible to produce a system to approximate certain
features of a linear system, such as linear spatial summuation at certain spatial scales, from
nonlinear components. Consistent with the psychophysical results under conventional
viewing conditions (with optics), this investigation provided evidence that the
nonlinearity mediating neural responses to envelope stimuli was separate from the
luminance processing stream in the receptive field of cortical neurons, and did not arise

from some common, early nonlinearities before narrow-band spatial frequency filteri:.g.

Possible neural mechanism for envelope responses
Because of the separability between envelope and carrier spatial frequency
dependences and the independence of direction preferences for envelope and carrier

motion, the neural substrate for envelope responses is likely to be constructed from two
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consecutive but independent processes. The first process consists of nonlinear neural
subunits having spatial dimensions fur smaller than the cell's receptive field size. Their
responses are then spatially summed by a late process. In terms of the three-stage
computation model for envelope responses, the computation performed by nonlinear
subunits is modeled by the early filter and the pointwise nonlinearity, and that of the late
spatial summation process is modeled by the late filter. Thus the Fourier components in
envelope stimuli are registered by the subunits when the spatial frequencies of these
components are in the same spatial scale of the subunits, and the envelope is extracted by
the late spatial summation process. Consequently, the carrier and envelope spatial
frequency dependences are fundamentally determined by the subunits and the late spatial
summation processes, respectively.

There are many possible candidates for the nonlinear subunits; the simplest ones
to be considered are cortical cells, X-LGN cells, and Y-LGN cells' subunits. Among these
three possibilities, the Y-subunit's contribution to the cortical envelope responses is
especially appealing for the following reasons. Firstly, receptive fields of Y-cells in the
LGN are also modeled similarly to the envelope stream: a late neural mechanism spatially
sums a number of early, small-size, nonlinear neural subunits (So and Shapley 1981),
similarly to the retinal Y-cell model of Hochstein and Shapley (1976b). Secondly, the
distribution pattern of envelope responsive cells in the two cortical areas corresponds to
the contemporary knowledge about the Y-innervation pattern in visual cortex. Many
studies suggest that most of the Y-projection goes to area 18, while area 17 receives
dominantly X-input (Ferster 1990a,b; Burke et al. 1992; Dreher et al 1992)[6]. Consistent
with the reported Y-input bias between the two cortical areas, more than half of the cells
in area 18 are envelope responsive, whereus only a minority of area 17 cells are. Lastly,
because the neural envelope responses did not show direction selectivity to carrier
motion, the nonlinear subunits in the model for envelope responses should be either non-

directional, or if directional, the subunits preferring opposite directions should be



balanced such that the overall responses do not show direction preference. It seems
simpler to construct envelope responsive subunits by using X-cells or Y-subunits than by
using cortical cells.

It is an open question how subcortical Y-subunits might contribute to cortical
neuron responses. A characteristic feature of Y-subunits is to produce a tfrequency-
doubled (second harmmonic) component in the responses to contrast-reversing gratings of
high-spatial-frequency, independent of the spatial-phase of the gratings (Enroth-Cugell
and Robson 1966; Hochstein and Shapley 1976b; So and Shapley 1981). Such second
harmonic responses to contrast-reversing gratings were observed in many simple area 18
cells and a few simple area 17 cells when the grating spatial frequency was much higher
than the neuron's luminance pass-band as determined with drifting gratings (Ferster and
Jagadeesh 1991). Unlike the second harmonic responses 1o contrast-reversing gratings of
spatial frequencies inside the cell's luminance pass-band (Spitzer and Hochstein 1985a,b,
1988), the second harmonic responses to high-spatial-frequency contrast-reversing
gratings did not show dependence on the spatial phase of the gratings, suggesting a Y-
input contribution to these cells' receptive fields. In a broader sense, contrast-reversing
gratings are a special case of envelope stimuli: zero envelope spatial frequency but twice
the temporal frequency of the contrast-reversal. Responding to such a special type of
envelope stimulus suggests that these neurons' envelope spatial frequency dependences
are likely to be low-pass. In a relatively small sample (n=7) of simple area 18 cells using
contrast-reversing gratings of high-spatial-frequency, this study also found two cells
responding to such stimuli. One of them was an envelope-responsive cell which showed
second harmonic responses to contrast-reversing gratings at the spatial frequency in the
carrier frequency pass-band (Fig.5E}, much like the responses described by Ferster and
Jagadeesh (1991). It is an appealing possibility that the envelope responses and the
second harmonic responses to contrast-reversing gratings originate from the same

subcortical source (Y-subunits).



However, a complete explanation of the envelope-responsive mechanism must
include cortical processing. The signatures of such cortical processing are the direction
selectivity to the envelope motion, orientation selectivity to the envelope stimuli, and
narrow-band carrier spatial frequency dependence. In addition, the optimal carrier and
luminance spatial frequencies differ by more than five-fold in envelope-responsive cells,
whereas the difference in the cut-off spatial frequencies between the fundamentii and
second harmonics of Y-cells are generally around three times, indicating a larger spatial-
size difference between the envelope-responsive subunits and the receptive field of the

cell than the size-difference between the Y-subunits and the Y-cell's receptive field.

Relation to psychophysical studies using envelope stimuli

Perceptua! effects of envelope stimuli in human subjects have been studied by a
number of research groups (Henning et al. 1975; Nachmias et al 1983, 1989; Demington
and Badcock 1985, 1986; Badcock and Derrington 1985, 1989; Chubb and Sperling
1988, 1989; Turano and Pantle 1989). Their results are consistent with this study, in that
the envelope detection cannot be expluined by any eurly nonlinearity that is common to
all visual stimuli before feeding into narrow-band spatial frequency filtering (Henning et
al 1975; Nachmias and Rogowitz 1983; Badcock and Derrington 1989). If similar
envelope-responsive cells also exist in primate's early visual cortex, these neurons might
form a neural basis for human perception of envelope stimuli. The results obtained from
this study indicate that the processing of envelope information may start in early visual
cortex, although further processing may exist in higher cortical areas.

It is always an appealing approach to compare directly the psychophysical
findings with neurophysiological data. The convergence of envelope and luminance
information in envelope-responsive cells may be interpreted as a neural basis for some of
the psychophysical effects of envelope stimuli, such as the mutual masking effect

between the envelope and luminance grating detection in human psychophysics (Henning
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et al. 1975; Nachmias et al. 1983, 1989). However, caution should be paid in conducting
such a comparison between envelope-responsive properties from neural data and
psychophysical effects of envelope stimuli. Not all the cells in early visual cortex are
envelope-responsive; on the other hand, different neurons show different preferences to
luminance, carrier, and/or envelope spatial frequencies. Such heterogencous properties

among cortical neurons may complicate the behavioral responses 1o psychophysical tasks.

Possible functions of neural envelope responses

The analysis of possible models for the receptive fields of envelope-responsive
cells has rejected single-stream models; a separate processing in the receptive field
structure is needed for envelope responses, supporting a functional importance of
envelope information in low-level visual computation. From a computational point of
view, visual cortical neurons decompose the retinal image into different spatial scales
ranging from coarse (low spatial frequency) to fine (high spatial frequency). Interestingly,
envelope-responsive neurons' bandwidths for the carrier spatial frequency dependence
(Figs.1,2,3,5,6) are similar to typical bandwidths for cortical neurons tuned to high
luminance spatial frequencies. Thus single envelope-responsive cells receive both
luminance information from a coarse scule and contrast-envelope information from a fine
scale. Furthermore, the random relation between optimal luminance and optimal carrier
spatial frequencies among the cells provides a rich combination for integrating
information from pairs of spatial scales.

One phenomenon may shed light on understanding the visual functions of these
envelope-responsive cells. The envelope stimuli are often perceived as an alternation of
occlusion and transparency, on a high spatial frequency grating background. Adding
another luminance component at the envelope spatial frequency produces a perceptual
effect of modifying the brightness of the "occluding” parts of the stimuli, and/or casting a

"shadow" onto the high spatial frequency grating background, depending on the spatial
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. phase of the added luminance grating. The fact that human subjects can perceive such a
illusion implies that the depth interpretation mechanism in the visual system can make

use of envelope information.



Footnotes

[1] The luminance profile, L(x), of the dritting luminance grating at the optimal spatial
frequency (f) is:

L(x) = sin[2r(fyx-0)],

where ft is the temporal frequency. The luminance profile of the envelope stimuli can be

expressed as:
L(x) = sin(Zn:fcx)i 1 l-sinl?.n(fcx-t'[l)l 12

= cos[2n((fc-fe)x+fll)]/4 + sin(2nl‘cx)/2 - cos[21t((l'c+t'c)x-ftl)l/4

where f_ and f, are the spatial frequency of carrier and envelope. For condition D in

Fig.2,
fo=1
and fc = 2fl;

thus the low side-band of the envelope stimulus is
cos[21r((fc-fc)x+ftt)]/4 = cos[21t(flx+ftt) /4 = sin[2n(flx+flt)+n/2 /4,

i.e. a sine-wave the same as the luminance grating in spatial frequency, but drifting in the

opposite direction, advanced in quadrature phase, and one-fourth the contrast.

[2] A contrast-reversing luminance grating stimulus is equivalent to an envelope

stimulus at zero envelope spatial frequency (f,=0); the envelope temporal frequency is

then equal to twice that of the contrast-reversal.

[3] Testing non-envelope-responsive cells with contrast-reversing gratings serves to
reveal any cells having low-pass envelope spatial frequency dependences that do not

overlap with their luminance spatial frequency tuning range.

[4] A pointwise nonlinearity N() is defined as:

Output(x,y,t)=N[Input(x,y,t)] (x,y, spatial position; t, time),
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which is an intensive transform without spatiotemporal integration of the input signal.

[5]) These small second harmonics were ciused by the strong differential attenuation
from the early filter on the three Fourier components in the envelope stimuli. In the case
of the carrier spatial frequency at 2, the three Fourier components in the envelope
stimulus were at spatial frequencies of 1, 2, and 3. Due to the differential attenuation from
the early filter centered at 4, the low side-band was nearly abolished and the other two
components had similar amplitude. Consequently, the half-wave rectification produced a
Fourier component at 2, which was measured as the second harmonic of the envelope
responses. It can be seen that such a differential attenuation becomes salient only when
the carrier and envelope spatial frequencies are close to each other so that the three
Fourier components in the stimuli are largely separate on a log spatial frequency scale
and attenuated differently on the side of the early filter's tuning range. That is why this
differential attenuation effect does not appear for the other two early filters or on the
other side of the frequency tuning for the early filter centered at 4. The strength of such
second harmonics relative to the fundamental was suppressed by adding an expansive
nonlinearity after the full-wave rectification (carrier frequency at 2 in Fig.11B), but
increased by an additional compressive nonlinearity {carrier frequency at 2 in Fig.11C).
Therefore, the second harmonics in Fig.11B are not produced by the differential
attenuation from the early filter, but by the additional nonlinearity after the full-wave
rectification. On the other hand, both types of second harmonics contribute in Fig.11C; a

notch at the carrier frequency of 4 marks the transition between the two.

[6] Controversy on the extent of Y-inputs to area 17 stil remains in the literature;
however, this controversy may be partly due to the diversity among the research groups
in their criteria for classifying cells as Y rather than X, their methods for identifying X/Y-

inputs to the cortical areas, and their methods for estimating the subcortical contributions
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(for a review of these issues see Ferster 1990a and Burke et al. 1992). Although
reconciliation of the controversy needs further study, the presently available evidence

does not rule out the possibility of some Y-input w area 17.
p b P



Appendix A.

This appendix analyzes a family of pointwise transform functions for their
properties of generating envelope components from envelope stimuli. This family of
functions, N(x), is defined as a lincar sum of a set of basis functions:

N(x) = Ei rj Pi(x) + EJ- 8§ Qj(x) (Eq.al)
where 1j and sj are free parameters. Pi(x) are even-symmetric basis functions, defined as:

Pi(x) = IxI%i (oj>0)
and Qj(x) are odd-symmetric basis functions, defined as:

Qj(x) = sign(x) 1x1Pj (Bj>0)
in which o and BJ are free parameters. It can been seen that this family of transform
functions includes all known biologically plausible contrast response nonlinearities, such
as rectification, expansive/compressive nonlinearity expressed as power functions,
squaring nonlinearity, and any polynomial functions. In the following analysis, it will be
shown that only the even-symmetric basis functions produce a Fourier component
(envelope component) at the envelope spatiotemporal frequency, independent from the
carrier spatial frequency and phase. An extension of this result indicates that only the
even-symmetric part of the function N(x) defined above produces envelope components,
not the odd-symmetric part. This analysis also indicates the danger of using high-order
power functions because of their potential to create Fourier components near the envelope
spatial frequency that may cause pathological behavior of envelope responses. To
simplify the mathematical derivation, the time domain is omitted; however, the
conclusions obtained from this analysis can be generalized into the situation that also

considers the time domain.
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Definition 1. Envelope nonlinearity and envelope component.

A pointwise transform function N¢) is called an envelope nonlinearity, it, trom
any envelope stimulus y(x),

y(x) = C oS £x + ) [ 3 + 5 cosm fx +8) | (Eq.a2)
N{y(x)} produces a Fourier component at the frequency f, and phase 8 such that the

amplitude, frequency, and phase of this Fourier component are independent of f, and ¢.

Consequently, this Fourier component is called an envelope component.

Definition 2. Envelope harmonics.

The envelope harmonics are the Fourier components produced from the envelope
stimuli by an envelope nonlinearity, at the harmonics of the envelope spatiotemporal
frequency and phase. Their amplitudes and spatiotemporal frequencies and phases should

be independent of the carrier spatial frequency and phase.

Proposition I. An odd-symmetric basis tunction, Q(x), cannot be an envelope
nonlinearity.
Proof:
For an envelope stimulus of Eq.a2, the contrast, carrier, and envelope can be
nonlinearly transformed separately:
Qly) = CP Q(eos2ntx+9)} QU 3 + 2 cos(anf,x+6)}
i) Because the transformed carrier grating,
Q{cos(2nt x+¢) ) =lcosrfx+o)P signlcos@nf,x+4)],
is periodic at the frequency f, its Fourier expansion is:
Qlcos(2nf x+)] = E‘;I d; cos2rif.x +i9)
Because Q[cos(2rf x+¢)] can be canceled by a half-cycle shift of itself, i.e.
Qlcos(2nt x+6)] + Qlcos(27 (F.x + -z-lf—c) + )] =0,

the sum of even-order harmonics in the Fourier series should be zero, i.e.
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Z::I d; cos(@r 2ifx +2i¢)=0

Thus, the ransformed carrier grating contains only odd harmonics:
Qlcos(2r fx + ¢)] = Efl’:] d; cos(2m (2i-1) fx + (2i-1) ¢).

ii) Because the transformed envelope pattern,
l.om T S | -

Ql 5 + 5 cos@m fx + )] = [ 5 + 5 cos2r fx + 9)113,
is periodic at the frequency f,, its Fourier expansion is:

Ql %+ 7 cos(2m f.x + 0)] = g + X7, g cos@mjfx +6).
iii) Combining the Fourier expansions of carrier and envelope:

Q)= CP (7 d; cos@m 2i-1) fx + (20-1) 9)

(g, + }:;:1 gj cos2m j f.x + 6))

It can be seen that the expuansion of Q{y(x)} does not have an envelope component at f,

and © that is independent of f, and ¢, nor any envelope harmonics.

Discussion I. Depending on the nonlinearity Q(x}, some cross-harmonics of f, and f, in
the expansion of Q{y(x)} might turn out to be very close to the envelope frequency (f,).
An envelope response based on these harmonics will produce pathological behavior, such
that the amplitude and spatiotemporal frequency and phase of the response are dependent
on the spatiotemporal frequency and phase of the carrier; such an envelope response is
not reliably signaling the envelope pattern. For a reliable envelope-responsive
mechanism, these "harmful" harmenics should be kept sufficiently small (below detection
threshold, or sufficiently smaller than the envelope component produced by an even-
symmetric nonlinearity, as will be shown later).

Consider one such cross-harmonic whose spatial frequency is very close to f,.

This harmonic can be expressed as:

CB(dig,-lz) cos{ 2R{(2i- 1) jf,|x + {(2i-1)¢-j6])
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in which (2i-1) and j are the order of the harmonics of t, and {, in the Fourier expansions
of carrier grating and envelope. Because the spattal frequency of the hamonic is very
close to f,, it must satisfy:

I(2i-1) £, - ifd = A f, (hj=123....)
where A is a4 number very close to 1, i.e. 0.5< A <1.5. The above relation between the
order of harmonics for f, and f, indicates that for a high ratio of f, to {, higher order £,
harmonics (j) are required to produce the harmiful cross-harmonic (A £}, Because the
series of coefficients {d;] and {g;} converge to zero, the largest one of the harmful cross-
harmonics is when i equals 1 and j equals the integer closest to (f/f-1). To keep this
harmful cross-harmonic small enough, either £, and f, should be well separated so that the
j is very large, or the power (B} in Q(x) should be close to 1, so that g; is very small. For
example, when f/f, =5, j=4 and the amplitude of the largest harmful cross-harmonic is
CBa1b4/2. As long as CBu,b4/2 is much smaller than the detection threshold, it will not

cause visual responses.

Conclusion I. Any odd-symmetric function composed of a sum of multiple odd-
symmetric basis functions is not an envelope nonlinearity, because none of its basis

functions produces the envelope component.

Proposition If. Any even-symmetric basis function , P(x), is an envelope nonlincarity.
Proof:

For an envelope stimulus of Eq.a2, the contrast, carrier grating, and envelope
pattern can be transformed separately:

P{y(x)} = C% P{cos(2n f.x + ¢)} P{ %+ %cos(2n f,x + 0))
i) Because the transformed carrier grating,

Plcos(2x £.x + ¢)] = lcos(2x £.x + o)<,

is periodic at the frequency 2f,, its Fourier expansion is:
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Plcos(2m fox + )] = Z° ay cos(2m k 2fex + 2k )

!
where a; = 2f, [lcos(2r fx + $)% dx # 0 (==
0

ii) Because the transformed envelope pattern,
Pl % + 5 cos(2m fx +9) | = | % + % cos(2n f,x + 0)]%,
is periodic at the frequency f,, its Fourier expansion is:

P %.{. gl cos(2n fcx +8)]= 2:;0 bk cos(2m k fcx +k9)

The amplitude of the envelope component is:

= 1,m. e oo =L
b, =2f, jl 5+ 7 cos(2m f.x + )% cos(2r f.x + 0) dx ({=57)
-1

+ % cosCO)I% cos(x) dx

It can be proved that:

1€I21 m TU‘;:l m
[lg+3 cos(x)I%cos(x) dx > [+5 cos(x)I%sin(x) dx
0 0

TEIZ] m . o
> [ IE Y sin(x)**sin(x) dx
0
for any o > 0. Therefore b, # 0.

iii) Combining the Fourier expansions of carrier gratings and envelope pattern:
P(x) =C% [2;:0 a; cos(2m 2i fx + 2i¢)} [Ej:o b; cos(2x j fx +j0))
where a,# Oand bl # 0. The expansion of P(x) should contain the envelope component

[Caaoblcos(21t f.x + €), a Fourier component independent of the carrier frequency and

phase (f,, $)]. Depending on the nonlinearity P(x), the expansion of P(x) may also contain

the envelope harmonics (Caaobjcos(Zn jfx + j8), in which bj;=0).

Discussion I1. Similar to the discussion I for the odd-symmetric basis functions, some

cross-harmonics of f, and f, in the expansion of P{y(x)} may be harmful for envelope
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response, because their frequencies are very close to the envelope frequency f,, and their

amplitudes and spatiotemporal frequencies and phases are depend on the spatiotemporal
frequency and phase of the carrier. For a reliable envelope-responsive model, the
amplitudes of these harmful cross-harmonics should be kept much smaller than the
envelope component generated by the even-symmetric transform.

The mathematical expression of such harmful cross-harmonics is:

C®a;by/2 cos[2r(2f,-jf)x + (2i¢-j6)]
in which

Rif.-jfl=Af, (i, j = 1,2,3,....; 0.5< A <1.5).
Because the coefficients {a;} and [bj] in the Fourier series for carrier and envelope
converge to zero, The largest harmful cross-harmonic is when i equals 1 and j equals the
integer closest to (2f/fe-1). To keep this harmful harmonic small, either £/f; should be
large or the power (@) in P(x) should be close to 1, so that by is very small. For example,
when f/fe =5, j=9 and the amplitude of the largest harmful component is C*agbg/2. As
long as (azbg) is sufficiently smaller than (agby), the envelope component will dominate

the output of the transform function around the envelope frequency.

Conclusion II. An even-symmetric function composed of a sum of even-symmetric basis
functions (ZLO aj P(x)) is an envelope nonlinearity. The envelope component may be
canceled at certain contrast values {C;}, if a particular composition of the basis functions

satisfies:
I 2 P(C)) = 0.

Conclusion IlI. For any function N(x) composed of a sum of multiple basis functions,
only the even part of the function {[N(x)+N(-x)}/2} produces the envelope component.

Therefore, the even part of a function is called the effecrive envelope nonlinearity.
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Conclusion 1V. Because the effective envelope nonlinearity must be an even-symmetric
function, an alternative way of constructing such a nonlinearity is a full-wave
rectification followed by an additional pointwise function composed of a sum of basis

functions, which may include both even- and odd-symmetric basis functions.



Appendix B.

To explain the large ditference in neural responses between the envelope and
luminance spatial frequency dependences, Henning et al.'s (1975) hybrid model requires
an additional nonlinearity after the full-wave rectification to produce high-order envelope
harmonics much stronger than the fundimental. The tfollowing analysis will show that

such a requirement will not be satisfied by 1 monotonic nonlinear transtorm.

Observation. Any even-symmetric pointwise ranstorm function T(x) which is:
1) continuous,
2) monotonic for both positive (x20) and negative (x<0) side,
and  3) zero at the origin, i.e. T(0)=0,
does not generally produce an envelope second harmonic larger than the envelope

component from any envelope stimulus of Eq.a2.

Analysis:
Consider a transformed envelope stimulus of Eq.a2:

T{y(x)} = T{C lcos(2r f.x + )| (5' + %cos(m fx +0))}
When the carrier spatial frequency f. is much larger than the envelope spatial frequency
fe, T(x) can be approximated by the product of the transformed carrier and the
transformed envelope:

T(x) = T(C lcos(2x f.x + $)I] T(C( %-}- —';'— cos(2m f.x + 0))] / T(C)
Although a strict mathematical proof is not available, the validity of this approximation is
intuitively obvious, based on the properties of T(x). The error from this approximation is
mostly at high frequencies above twice the carrier spatial frequency. For the purpose of
this analysis, this approximation is practical and valid. Expanding the carrier and

envelope parts of T(x) Fourier series:

tJ



T(x) = {Z7, 4 cos(2m i 2fx + 2i¢)) {}:Jf':o bj cos(2r j fx +jO)) / T(C)
in which the envelcpe component is ‘1()blcos(2nf,_.x+9)ﬂ‘(C), and the envelope second
harmonic is aubzcos(2n2fcx+29)/' I'(C). Thus to prove that the envelope component is
larger than the envelope second harmonic is the same as proving that Ib, | > 1b,, which is

also the same as proving both b, -b, and b +b, are of the same signas b,.

b, = 1 }t lC( +—-(.os(x))|<.05(x) dx
T.x
1 =
b2 | [C( + = Lox(x))lws("x)dx
T on
4 T ol m
bl - b, =1_c TIC(?ELO\(‘())I sin(3x/2) sin(x/2) dx
0
4 2r/3
| T[C(-+~cos(x))] sin(3x/2) sin{x/2) dx
K o

+ - IT[C(-+ﬁcos(x))] sin(3x/2) sin(x/2) dx
T 2n/3
The first term is of the same sign as T[C(%+%cos(x))] and the second term is of the

opposite si gn Because

Ism(3x/2)sm(x/")dx+ j’sm(3x/7) sin(x/2) dx =0
2n/3

and T[ -2— + ? cos(x)] is larger in xe {0,2n/3) than in xe [2r/3,x],
the summation of the two terms for the (b, - b,) calculation must be of the same sign as

TICC +--c0:.(x))] It can be proved that b, and T[ C( ;cus-\x))] have the same sign, due
to the properties of T(x). Thus (b, - b,) is of the same sign as b,.
n
b, +b, == [TICC+Zeos(x)] cos(3x/2) cos(x/2) dx
d 2

/3 ~1l.m -
‘ T[(.(?-Ecos(x))J cos(3x/2) cos(x/2) dx

+— FT[C(%-I—%COS(X))] cos(3x/2) cos(x/2) dx
T a3
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following the same procedure as for \bl - b,), it can be shown thit the summation of the
above two integrations is of the same sign as b]. Thus both (b1 - b,) and (bl +b,)are of

the same sign as bl, i.e. lbll > Ibzl.

In conclusion, for any continuous, monotonic, and zero-origin pointwise
transform function, the amplitude of the envelope component is always larger than its
second harmonic. In other words, the nonlinear transfer function has to be non-monotonic

if the envelope harmonics are to be stronger than the fundamental (envelope component).
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Figure Legends

FIG.1 Carrier spatial frequency dependence of an area 18 simple envelope-responsive
cell. The left panel graphs luminance responses (circles) and envelope responses
(triangles). The abscissa is the spatial frequency of either luminance gratings, for the
luminance responses, or the carrier spatial trequency, for the envelope responses, The
envelope spatial frequency is fixed at 0.03 cycles per degree (epd), the same as that of the
luminance response condition A. The temporal frequency is SHz for luminance gratings,
and 2.5Hz for envelope stimuli and carrier gratings (squares), For all the stimuli in this
and the succeeding figures, the contrast is 77%, unless otherwise specified. The
spontaneous activity has been subtracted from the responses. The solid lines and filled
symbols indicate the responses to stimuli moving in the preferred direction of the cell,
whereas the dashed lines and open symbols are for the non-preferred direction responses,
The right panel shows the post-stimulus time histograms (PSTHs) of the response to
stimulus conditions indicated by the tags (A,B,C) in the left panel, as well as the

spontaneous activity.

FIG.2 Carrier spatial frequency dependence of an area 17 complex envelope-responsive
cell. The conventions for the symbols and figure layout are similar to those of Fig.1. The
cnvelope spatial frequency is at 0.42 cpd, the same as the frequency of the luminance
grating at A. The resporse indicated by D in both left and right panels is to the envelope
stimulus moving in the non-preferred direction with its carrier spatial frequency (0.86
cpd) at the border of the cell's luminance spatial frequency selective range. Such a
response is mostly contributed by the response to the low side-band component of the
envelope stimulus (at the same spatial frequency as A; see text for details). The PSTH A’
is the response to a luminance grating at the same spatial frequency and direction of
motion as the low side-band of the envelope stimulus D, The larger response observed in

A' is likely due to the la’ zer contrast (4 times) in A’ than the low side-band of D.
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FIG.3 Carrier spatial frequency dependence of an exceptional envelope-responsive cell
(an area 18 complex cell). The conventions for the symbols and figure layout are the
same as those of Fig.1. The envelope spatial frequency is at 0.15 cpd, the same as the
frequency of the luminance grating at A. This cell is exceptional in that the carrier and

luminance spatial frequency dependences overlap.

FIG.4 Comparison between envelope (triangles) and luminance (circles) spatial
frequency dependences. The abscissa indicutes the spatial frequency of the grating for
luminance responses or that of the envelope for envelope responses. The solid lines and
symbols are for the responses to the stimutus moving in the preferred direction of the cell,
while the dashed lines and open symbols are for the non-preferred direction responses.
The spontaneous activity has been subtracted and the responses are normalized by the
largest, separately for luminance and for envelope responses. The relationship between
envelope and luminance spatial frequency dependences range from very different (A) to
very similar (F). The carrier spatial frequency of the envelope stimuli for each cell is at its
optimal (A: 1.4 cpd; B: 1.1 cpd; C: 1.2 cpd; D: 2.7 cpd; E: 2.1 cpd; F: 1.9 cpd), and the
temporal frequencies are 1.25 Hz in A and 2.5 Hz in B, D, E, and F for both envelope and
luminance stimuli. For the cell in C, the temporal frequency is 5 Hz for luminance

gratings, and 2.5 Hz for envelope stimuli.

FIG.5 Comparisons of contrast-reversal grating responses (crosses), luminance responses
(open circles), and envelope responses (triangles). The abscissa is the spatial frequency of
the grating for luminance responses and contrast-reversing grating responses, or that of
the carrier for envelope responses. For each spatial frequency condition, the contrast-
reversing grating was tested at five spatial phases (0, n/5, 2n/5, 2n/5, 21/5), and the graph

shows the averaged responses of these five phases. The spontaneous activity has been
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subtracted from every response. A-D: both luminance responses and contrast-reversing
grating responses are very small when their spatial frequencies fall outside of the cell's
pass-band, in contrast to the significant envelope responses. E and F: two exceptional
cells (area 18 simple cells), showing signiticant high-frequency contrast-reversal grating
responses. The envelope spatial frequency for each cell is fixed (A: 0.1 cpd; B: 0.21 ¢pd;

C: 0.21 cpd; D: 0.15 cpd; E: 0.05 cpd; F: 0.05 cpd).

FIG.6 Separability between the envelope and carrier spatial frequency dependences.
Carrier spatial frequency dependences were measured on each cell with various envelope
spatial frequencies. The abscissa of each panel indicates the spatial frequency of the
carrier, for the envelope responses, and that of the grating, for the luminance responses
(circles). The envelope spatial frequency for each carrier spatial frequency dependence
curve and its symbol for the illustration are indicated in the inset box for each panel. The
solid lines indicate responses to the preferred direction of motion, and the dashed lines
show the non-preferred direction responses. The spontaneous activity was subtracted
from each response before plotting. (A is an area 17 simple cell; B and C are area 17

complex cells; E and F are area 18 simple cells; and D, G, H are area 18 complex cells)

FIG.7 Effect of carrier motion on envelope responses. The abscissa is the corrier
temporal frequency, in multiples of the envelope temporal frequency (indicated in
parentheses). Positive values represent the sume direction of carrier motion as the
envelope's, and negative values correspond to the opposite direction. The solid lines and
symbols are for envelopes moving in the preferred direction of the cell, whereas the
dashed line and open symbols are for responses to the non-preferred direction of envelope
motion, The spentaneous activity was subtracted from each response. The carrier spatial

frequency was at the optimal for each cell. (The envelope spatial frequencies were: A,
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0.16 cpd; B, 0.05 cpd; C, 0.1 cpd; D. 0.1 cpd; and the carrier spatial frequencies were: A,
22cpd; B, 1.9¢pd; C, 1.3 cpd; D, 1.9 ¢pd.)

FIG.8 Distributions of optimal carrier (circles and crosses) and luminance (diamonds and
stars) spatial frequencies among envelope-responsive ceils. Each symbol represents the
data from one cell. The solid line (acuity line) is the average cut-off spatial frequency of
X-retinal ganglion cells (adapted from Cleland et al. 1979). The two dashed lines (high-
and low-acuity lines) are half-octave deviations from the acuity line, approximating the

variance in Cleland et al's measurgments.

FIG.9 A: scatterplot of the optimal carrier spatial frequency against the optimal
luminance spatial frequency. In this figure as well as in B, each symbot represents the
data from one cell. B: scatterplot of the ratio of the optimal carrier to luminance spatial
frequency over the riiio of the high-acuity to the optimal luminance spatial frequency.
The solid line indicates a 1:1 ratio. C: distribution of the ratio of optimal carrier to
luminance spatial frequency. The histogram bars (binwidth=2.82) represent data from
sample cells, and the solid squares with error bars are the prediction from a hypothesis
that the optimal carrier spatial frequency of a given envelope-responsive cell was
randomly distributed between five times the cell's optimal luminance spatial frequency

and the upper limit of the acuity (high-acuity line).

FIG.1C Four possible models for envelope-responsive cells. A and B: "single stream"
models that have been rejected by this investigation. C and D: two alternative models that
can explain spatial properties of the envelope responses from this investigation. C is the

model proposed by Henning et al. (1975), based on their psychophysical data.
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FIG.11 Simulation of carrier spatial frequency dependence, using the three-stage
computational model. A scalar variable is used for the spatial frequency to represent the
number of cycles in the stimulus array (see text for detail), The envelope spatial
frequency is set at 1 for all the simulations, The abscissa indicates the carrier spatial
frequencies of the envelope stimuli. Three pointwise nonlinearities are used: full-wave
rectification, square, and rectified square-root. For each nonlinearity, the simulation was
conducted for three early filters (dashed lines). Because the envelope spatial frequency
was constant, the late filter stage was omitted. The Fourier response component at the
envelope spatial frequency (envelope component; solid lines) and its second harmonic
(solid lines with open circles) were calculitted from the output of the nonlinearity. The
envelope responses were normalized according w the peaks of the envelope component
responses. The carrier spatial frequency dependence was sharpened by an expansive

nonlinearity (B) and broadened by a compressive nonlinearity (C).

FIG.12 Simulations of envelope spatiul frequency dependence, using the three-stage
computational model, for three nonlinearities: full-wave rectification, square, and
rectified square root. Two early filters (dashed lines) were simulated for each
nonlinearity. The abscissa is the spatial frequency for the early and late (open dizmonds)
filters' tuning curves, or that of the envelope for the envelope responses (the solid lines
for envelope component and the solid lines with open circles for the envelope second
harmonic). The plotted envelope response:s s well as the tuning curves of the filters are

each normalized according to their respective maxima.
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Chapter V. General Discussion and

Directions for Future Research

General Discussion

The research in this thesis has revealed that some neurons in cat areas 17 and 18
can respond to envelope stimuli that have no Fourier components falling inside a given
cell's selective range of conventional luminance spatial frequencies. The assurance of
delivering such stimuli without artifact is confirmed by a series of control experiments:
estimating and measuring the diswortion product produced by che residual CRT screen
nonlinearity; compuring the envelope responses with the responses to the distortion
product; and placing a diffusing sheet on the stimulus screen to eliminate the envelope
stimulus while keeping any possible distortion product unattenuated. The results from all
these control experiments unanimously indicate that any slight distortion product from
the CRT does not contribute significantly to the envelope responses.

Three spatial properties of envelope responses were illustrated: 1) the envelope
responses depend on a narrow range of high spatial frequency for the carrier, and this
narrow range is much higher than the cell's luminance spatial frequency selective range;
2) the envelope responses depend on a range of spatial frequency often lower than the
cell's luminance passband; and 3) the two dependences of envelope responses are
separable. These envelope-responsive properties further rule out the possibility that the
envelope responses are not contributed from any early nonlinearity before the spatial-
frequency-selective filtering in the visual system, including a screen nonlinearity.

A separate stream in the receptive field is needed in order to model the envelope-
responsive cells. Two alternative models are illustrated: the Henning et al (1975) hybrid
model and the two-stream model. In both models, the envelope processing is conducted
by a three-stage computation: an early narrow-band spatial-frequency-selective filtering,

a pointwise nonlinear transform, and a late spatial-frequency filtering. Consider an



80

envelope stimulus with a carrier spatial frequency inside the selective range of the carly
filter, and with its envelope spatial frequency inside the selective range of the late filter,
The Fourier components (close to the carrier frequency) in the stimulus are passed by the
early filter. The nonlinearity produces a Fourier component (envelope component) at the
envelope spatiotemporal frequency. This Fourier component is then picked up by the lae
filter, allowing the neuron to respond 1o the envelope stimulus. Notice that the envelope-
responsive stream does not respond to luminance grating stimuli: since the spatial
frequency-selective ranges of the early and late filters do not overlap, any luminance
grating stimulus cannot pass both the early and the Lue filters.

As for the two-stream model, the envelope processing is parallel 1o the luminance
processing, which is a narrow-band spatial trequency {ilter. The two processing streams
combine in the end to determine the output of the neuron. On the other hand, the hybrid
model uses one spatial frequency filter for both the late tiltering in the envelope
processing and the filter in the luminance processing. The reduction of two filters into
one in the hybrid model causes three consequences: 1) imposing restrictions on the choice
of the pointwise-envelope nonlinearity for the purpose of explaining the large
discrepancy between the luminance and envelope spatial frequency dependences in some
neurons, 2) constraining the manner of combining envelope and luminance responses to
be arithmetic summation, either in-phase or in anti-phase, at the same spatial region, and
3) requiring the temporal responses to low-envelope-spatial-frequency stimuli to be
dominated by high order harmonics in simple cells, In contrast to the hybrid model, the
two-stream model does not have these limitations. Future research will determine which
model is adequate to describe the receptive field of the envelope-responsive cells.

The existence of this specialized envelope-responsive stream in area 17 and 1§
neurons supports a functional importance of the envelope information in low-level visual
computation. From a computational point of view, visual cortical neurons decompose the

retinal image into different spatial scales ranging from coarse (low spatial frequency) to
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fine (high spatial frequency). Interestingly, the neurons' bandwidths for the carrier spatial
frequency dependence (Figs.1,2,3,5,6 in Chapter IV) are similar o typical bandwidths for
cortical neurons tuned to high luminance spatial frequencies, suggesting that the envelope
responses of a given neuron signal the envelope of a fine scale image. Thus the envelope-
responsive cells receive both coarse scale luminance information and contrast-envelope
information from fine scales, suggesting a computation which integrates information
from a pair of spatial scales.

Consider the retationship among the spatial scales for the carrier, luminance, and
envelope within the envelope-responsive cells. The carrier scale is finer than and, in most
cases, does not overlap with the luminance scale; whereas the envelope scale is coarser
than but overlaps with the luminance scale. Furthermore, the carrier scales are not in a
fixed ratio with the luminance scales, and the optimal carrier spatial frequency can be any
value from about five times the cell's optimal luminance spatial frequency to the cat's
physiological acuity (Fig.8, Chapter IV). Thus, the ensemble of envelope-responsive cells
provides a rich combination of envelope information from fine scales with the luminance
information at coarse scales.

The finding of neural responses 10 envelope patterns does not undermine the
understanding that cortical cells act as narrow-band spatial frequency filters in response
to retinal luminance variations; rather, the processing in single cortical neurons could be a

convergence of several functionally different processing streams.

Directions for Future Research

There are many questions still waiting to be answered: how is orientation
selectivity of envelope responses produced, by the early filter, the late filter, or both?
what is the temporal nature of the late filter and how is it related to the temporal filtering
of luminance responses? What is the shape of the contrast response function for envelope

responses, monotonic or non-monotonic? Is there any contrast adaptation effect for



envelope responses? What is the spatial profile of the envelope responses in reiation to
the receptive field profile for luminance responses? Do the receptive field profiles for
envelope and luminance responses occupy the same retinal space? Is the luminance signal
combined with the envelope's by arithmetic summation? Is there any subcortical
contribution to the envelope responses? What happens to the envelope responses in area
18 cells if small-receptive-field-size cells of area 17 are inactivated? Examining these
questions can determine whether the hybrid mode! or the two-stream model is adequate
as a general receptive field model for envelope-responsive neurons, provide sufficient
details about each computation stage in the model for computer simulations to study the
functional role of such envelope responses, and help understand how envelope responsive

processing is implemented in the visual system.

One important question is whether these envelope-responsive cells respond to
other types of non-Fourier stimuli, such as moving contrast modulation patterns with a
noise carrier, traveling contrast-reversing stimuli, anomalous contours formed by abutting
gratings, and/or moving plaids?

Let us assume that the proposed three-stage computation model is proper for
modeling the neural envelope-responsive mechanism. Envelope-responsive cells may
respond less strongly to the moving contrast modulation pattern with a noise carrier than
one with a luminance grating at the optimal carrier spatial frequency. This happens
because only part of the Fourier energy in the sfimuli is registered by the early filter in the
three-stage computation for a noise carrier. Because a noise carrier provides a broad-band
power spectrum, part of its Fourier energy might fall inside a cell's luminance passband,
and produce a luminance response. Because such a luminance response would be
stochastic, it would act as a source of variance in the response to the contrast modulation

pattern,
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The envelope-responsive model may also respond to contrast-reversing patterns
with a noise carrier, if the early filter is temporally high-puss. Envelope responses were
facilitated by carrier motion for four out of six envelope responsive cells (Fig.7 of
Chapter IV), suggesting that the early filters of these cells prefer high wmporal
frequency.

As indicated in the first chapter and in Wilson et al. (1992), a three-stage
computation model, similar to the envelope responsive model, can respond to anomalous
contours produced by abutting gratings, if the early filter is non-oriented or oriented
orthogonally to the late filter. My future research will try to address this possibility.

Envelope responsive streams in arca 17 and 18 neurons probably would not
respond to moving contrast-reversing-bars, because the spatial scales for the "carrier” and
"envelope" in these moving contrast-reversing-bars are very similar, whereas the spatial
scales are very difterent for the early and Lue filters. Such stimuli are unlikely to pass
both early and late filters. For a similar reason, the envelope responsive streams in early
cortical neurons should not contribute 1o the nonlinear processes in visual responses to
moving plaids (Wilson et al 1992) or two-flash appuarent motion using Gabor function

stimuli (Boulton and Baker 1991; Baker and Boulton 1993),
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