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Abstract

Mammalian striate and circumstriate cortical neurons have long been understood

as coding spatially localized retinalluminance variations, providing a basis for compUling

motion, slereopsis, and contours l'rom the retinal image. However, such perceplUal

attributes do no! always correspond to the retinalluminance variations in natural vision.

Recordings l'rom area :7 and 18 neurons revealed a specialized nonlinear processing

stream thal responded to stimulus attributes having no corresponding luminance

variations. This nonlinear stream acts in parallelto the conventional luminance

processing of single conical neurons. The two streams were consistent in their preference

for orientation and direction of motion, but distinct in processmg spatial variations of the

stimulus attributes. The ensemble of these neurons provides a combination of stimulus

attributes with and without corresponding luminance variations.
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Résumé

Depuis longtemps, on cC)fisidère que les neurones des régions 17 ct 18 des

mammifères ont comme fonction l'encodage de variations lumincuses retinicnncs localcs

en espace et qu'elles forment la base des computations nécessaires àl'analyse du

mouvement, de la stéréopsie et des contours à partir de l'image rétiniennc. Par contre, ccs

attributs perceptuels ne correspondent pas nécessairemcnt aux variations lumincuscs

rétiniennes en conditions de vision naturellc. Des cnregistremcnts dc ncuro'lcs dcs

régions 17 et 18 ont revélés une voie spéci:llisée de tmitment non-linéaire qui repondait

aux attributs du stimulus n'ayant aucune variations lumineuses correspondantes. Cette

voie non-linéaire agit en parallèle avec le traitement, plus conventionnel, de l'intensité

lumineuse par des neurones conicaux individuels. Les deux voies ont démontre des

préférences compatibles en orientation et en mouvement, mais ont demeure distinctes

dans leur traitement des variations spatiales des attributs du stimulus.

Il
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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 retinalluminance 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-spatiaI-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, 1have demonstrated for the first time that visual cortex

neurons do respond to envelope patterns. Furthermore, this thesis describes new srudies

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 neurons, for envelope responses. A new computational model of cortical

receptive fields is proposed and analyzed for ils properties of producing envelope

responses.

v



•

•

Acknowlcdgmcnts

Many than:,s to my supervisor, Dr. Curtis L. Baker, ti.Jr his mlvice in devc10ping

my ideas into experiments, his encoumgement during the exploration of envelope­

responsive cells, his help in conducting experiments, and his continuous help in writing

up this thesis.

1 would like to thank my friends and fellow students who have helped me in

various stages of my graduate studies: Shelly Feran for teaching me how to set up an

experiment in this lab; Janet Raymond for help in histological procedure; Se.l1l Friend,

Stephen Kennepohl, and Ken Charles for help in conducting experiments; Serge

Arsenault for translating the thesis abstract into French; Elizabeth Wong for hclp in

manuscript preparation; Frances Wilkinson for use of her Hagner photometer; and Robert

Hess, Yoshio Takane, Jim Ramsay, and William McIlhagga for many intellectual

discussions in various stages of thesis writing.

1would also like to express my gratitude to Kathy Mullen, Fred Kingdom, Tony

Hayes, Angeles Losada, Laurie Wilcox, Sarah Waugh, and Marcel Sankemlli, for

providing a lively and stimulating environment.

1 must thank my wife, Xiu-Zhen Song, for her constant encouragement, tolcrance,

and understanding. 1am grateful to my mother-in-law, Yu-Feng Huang, who came From

China in the last year to help us and my son, Franklin Y. Zhou, who makes my life

enjoyable.

\'1



•

•

Table of Contents

Chapter I. Introduction

Chapter II. A processing Stream in Mammalian VislIal Cortex Nellrons

for Non-Fourier Rcsponses

Chapter III. Envelope-Responsive Neurons in Areas 17 and 18 of Cat

Chapter IV. Spatial Propenies of Envelope Responsive Cells

in Area 17 and 18 Neurons of the Cal

Chapter V. General Discussion and Directions for Future Research

31

36

105

179

vii



•

•

Chaptcr 1: Introduction

Over the past two decades, studies in visual psychophysics, neurophysiology, lInd

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 retinallocation. Each filter selectively responds to only a naITOW mnge 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. Il 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; Ade1son 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 correspond 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
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extracts and represents the information from input signaIs. A simple representation of the

input signal is the Fourier series. For example, a one-dimensional spatial luminance

pralile /(x) can be represented by a linear sum of sine-waves in quadrature pairs:

/(x) = ~~=O (a.cos(27tix/w) + o.sin(27tix/w»)
1- 1 1

in which "w" is the width of the visual field in visual angle, and ai and bi are free

parameters.

However, a "good" representation should capture the statistical structure of the

input signal, Le. the representation is not on!y comprehensive, so that the representation

can register ail possible input signaIs, 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 sampling 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:

I(x) =~~o kj ll(x-i wIN)

in which N is the number of sample points, ki are free parameters, w is the width of the

visual field, and ll(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 spatiallocality, 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 worId is rich in local spatial features, such as contours

2
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of objects, trunks of trees, and edges of leaves. On the other hand, single objects in the

nalural visual world tend to occupy a limited range of spatial frequcncy; the spatial

frequency content of a sandy beach is very much different from tlHlI of a c\oudy sky, or

that of a forest. Thus, the statistics of natuml visual inputs has rich fealures 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 mnge of spatial frcqucncies when

tested by single sine-wave luminance gmtings (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). 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 confmned 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).

Furthelmore, neurons differ in their optimal spatial frequencies, which scale to the sizcs

of their receptive fields, and the whole ensemble of neurons are generally thoughtto

cover the whole spatial frequency range visible to the visual system (Movshon et al

1978c; De Valois et al 1982). These neurophysiologieal 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 sizcs 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 relinalluminance variation (Adelson and Bergen 1985;

3



• van Santen and Sperling 1985; Watson and Ahumada 1985).

4

IV

1
•

•

•

--4....--*-- ..... 1(s)
-15 15

•
III

II

FIG.l An illustration for considering motion energy in the Fourier power

spectnlm of stimuli

•

Fig.1 shows a power spectnlm in the spatiotemporal frequency domain for sorne

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 fs and temporal frequency fl is represented by

the pair of points in quadrants 1& III (upper-right quarter & lower-left quarter of Fig.I).

The points in quadrants II & 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 fs' A contrast reversing sinusoidal grating can he

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 1is

a1ways symmetrical to III, and II is a1ways syrnrnetrical 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
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(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 quudmnts 1& III with

that in Il & IV. If the energy in quadrants 1& III is larger thun thm in Il & IV for cvery

point, a left-ward motion is seen, and vice-versa. If the energy comparison shows 1& III

larger at sorne points, but smaller at others, an interpretation rule is requircd. Either wny,

the result of energy compurison forms a basic substnlle of motion infonllution for higher

level motion processing, such as velocity discrimination, motion purallaK analysis, figure­

ground segregation from motion, and shape from motion (Dosher et al. 19119).

Non-Fourier Mechanisms

In spite of the success in describing motion in the Fourier spatiotempoml

frequency domain, motion perception can be produced by stimuli without directionally

biased Fourier energy ("non-Fourier" motion). In a formalmathematical analysis, Chubb

and Sperling (1988, 1989) defined a c1ass of motion stimuli that could not be àetected by

the ERD models, and named them "microbalanced" motion stimuli. In order to detect

these microbalanced motion stimuli, 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(K,y,t) =T[i(K,y,t)]

where T[] is the point-wise transform, i(K,y,t) is the luminance value of the stimulus (K, y,

spatial coordinates; t, time), and f(K,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 Chubb and Sperling

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

5
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FIG.2 An illustration of how to conslTUct 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 (Ieft 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 FD 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
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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

specuum balanced in the two directions.

Chubb and Sperling's idea of detecting this kind of microbalanced motion is to

convert these stimuli into non-microbalanced stimuli by a nonlinear tmnsfoml, :lI1d then

feed the output into the ERD, a conventional motion detector model. An "even-synulletric

nonlinear" tmnsform is required to perform this nonlinear tmnsformation (see the section,

"Computational Requirement for Envelope Nonlinearity" l:uer in this Chapter). One good

example of .uch 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 feuture

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 extensive

review of human psychophysical studies using envelope stimuli.

In the case of contmst-reversing microbalanced stimuli, the perceived motion is

produced by a ttaveling wave of contrast reversai, 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 consuucted 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

ils 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.

7
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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 mode!.

ln the case of "alternating texture quilt" motion, stimuli are composed of two

texture patterns (quihs) alternately exposed in space. A spatial sine-wave grating

determines the probabiiity of which quilt gets exposed, such thatthe peak of the sine­

wllve will select one quilt and the trough selects the other. Consequently, along the

ahernating 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 patterns with very different spatial

and/or temporal frequency components. For example, one quilt might be a flickering

uniform field (zero spatial frequency and high temporal frequency), and the other a

slationary 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, ahhough 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

spatialtexture-grabbing filter in their 1989 paper, the basic requirement of this filter is

clear: this fiher should be able to discriminate one quilt from the other. For examplé, 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 wouId have almost zero response. Thus the output of these

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

8
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convert this output into a non-microbalanced motion pattern.

One variant of the texture quilt motion stimuli is the 1I10ving anonmlous call1our

produced by abutting gratings (von der Heydt and Peterhans 1989; Grosof etuI. 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 tmveling

step function, oriented orthogonally to the gratings in the quilts, wilh binnry vulues of +1

or -l, determines which texture quilt is exposed for a given spatiotempoml 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 gmtings

(Wilson et al. 1992).

The detection of these three kinds of microbalanced motion stimuli shure 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 tempoml filtering for the

contrast reversing stimuli or spatial filtering for the texture quilt stimuli. To construct a

minimal system for detecting ail 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

IWO 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), aithough there is no Fourier energy moving in this direction. A

9
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computational model was proposed by Wilson et al (1992) to explain the perceptual

effects of type II plaids· in dctecting the direction of the pattern motion, such as the

deviation of perceived direction from the IOC prediction, poorer direction discrimination

for type II plaids than type 1plaids, and the dependence of the perceived direction of

plaid motion on the stimulus dumtion. This model includes a nonlinear pror.essing stream

parallelto a linear stream; a combinution 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 lute filter. Although this three-stage nonlinear model has the potential

to respond to ail microbalanced motion stimuli, it will be shown later that the neuml

mechanisms for processing plaid motion and microbalanced stimuli might be different.

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

Enyelolle 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.e.

I(x) = Lo (1 + A sin(21t fex) [ 1 + m cos(21t fex) ]/2 J

= Lo (1 + mA/4 sin[21t (fe-fe)x] + A/2 sin(21t fex)

+ mA/4 sin[21t (fe+fe)x] J

• The type 1plaids have a motion vector which lies betwecn the motion vectors of the IWo components,
whereas the type Il plaids have a motion veclOr which is not between the two components' vectors.

10



• in which I(x) is the luminance profile of the stimulus, La is the mean luminance. A is the

contrast, m is the modulation depth of the envelope (which satisfies () ::; III ::; 1).

sin(27t l'ex) is the carrier gmting, and cos(27t l'ex) is the envelope gmting. Note that fc

should be much larger than fc' The Fourier frequency composition of an envelope

stimulus consists of four components: a DC component. a low side-band (fe-fe). u middle

component (fJ. and a high side-band (fe+fe). There is no Fourier component lIlthe

envelope spatial frequency (l'cl, although IllImun subjects experience u vivid perception of

periodicity atthis frequency. A nonlinear trunsform of I(x) is needed to produce u Fourier

component (envelope component) al the envelope spatial frequency und phase. so thm

subsequent visual processing can respond to envelope stimuli based on such envelope

components.

Consider a logarithmic luminance transformation 1logO) of the above envelope

stimuli. The output is:

log [I(x)] = log La + log[l + f(x)].

in which

II

f(x) = A sin(21t l'ex) [ 1 + m cos(21t f.x) ]

=*lm sin[21t (fe·f.)x] + 2 sin(21t l'ex)

+ m sin[21t (fe+f.)x]) (Eq.I).

•

Clearly. the mean luminance (La) is not a relevant factor in analyzing how this log

transform produces an envelope component; the relevant pan is the transform of

log(1+f(x».

To generalize the above discussion, consider an intensive (pointwise) nonlinear

transform TO, operating on the luminance profile of the envelope stimuli I(x), i.e.:

T[I(x») =T[Lo[l+f(x)]).

By translating the origin and rescaling the input, TO can be convened into T'O

T' [y) = Tl (y-Lo)/Lo) (y, input function)

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



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

luminance Lu can be eliminated from further analysis of how nonlinearity produces

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

12

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 (fc·f.,), fc' and (fc+fc), wilhout any Fourier

energy at the envelope frequency, fc'

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

waves of similar spatial frequencies:

f(x,t) = A sin(27t fcx) cos(27t f x)

Cc ce.
= A sin[27t (fc -"2) xl + A sin[27t (fc + '2) xl

where fc is much larger than fc' The sin(27t fcx) works as a carrier grating, while

f
cos(27t i x) works as an envelope modulator. Since il changes back and fonh between

positive and negative in each cycle, the actual envelope frequency is fc'
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•

FIG.4 An illustraùon 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 atthe envelope frequency fc'

aIthough the visual system sees this pattern clearly. There arc numerous versions of

envelope pattern that can be produced by combinations of gmtings. Ali of these versions

share the same factthat subjects can easily idenùfy the contrast modulation pattern in the

sùmulus 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(21t fcX) [ 1 + m cos(21t fcx + 21t f,t) 1
=~ A sin[21t (l~-fc)x - 21t f,tl - A sin(21t fcx)

+ ~ A sin[21t (fc+fc)x + 21t f,tl

the motion energy does not exactly cancel at aIl the spatiotemporal frequencies. There are

three Fourier components: a low-spatial frequency side-band [(fc-fc)' of,] moving in the

opposite direction of the envelope, a stationary grating [fc,D], and a high-spatial­

frequency side-band moving in the direction of the envelope [(fo+fc)' ftl .
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FIG.5 An illustmtion of the spatiotemporal power spectrum of an leftward

moving envelope stimulus.

Fig.5 illustrates the spatiotemporal frequency spectrum of a Ieft-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 I1&IV) is not exactly the same. However, what an observer

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

frequencies (fe+fo)' (fe-fo)' and ferespectively. Subjects see the \eft-ward envelope motion

at a low spatial frequency fo' (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. il seems very Iikely 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



•

•

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

only three Fourier components.

Compl!\atjonal ReQlIirement for Envelope Nonlinearity

The first issue that needs to be considered in envelope detection is the

computational requirement for the nonlinear transform to revealthe envelope pattern in

the stimuli. A full-wave rectification process is one way to do this job. Let's examine this

process and !hen generalize the resull. The full-wave reclified envelope stimulus of Eq.l

is:

R(x) = 1A sin(2lt fex) 11 + m cos(2lt fex ) ]1

= A 1sin(2lt fex) 1 11 + m cos(2lt fex) ]

= A IC + ~:=1 lin sin(4nlt fex)] 11 + m cos(2lt fex) 1

in which (lin) 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 equalto 2/lt. The output of

this nonlinear processing will have a component of (mAC cos(2lt fex»), which represents

the envelope modulation pattern in the original stimulus (Eq.l). If the enveIope pattern

moves, this component moves accordingly. By feeding the output of this nnnlinear

process into the ERD, the enveIope 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 sorne psychophysical

Iiterature, 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 sorne

"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

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

15
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the discussion of validity of the "early nonlinear hypothesis" (see below) 1 will continue

using "distortion producl" since this tenn is appropriate in that context.

Examining the composition of envelope component (mAC cos(2lt fcx) J indicales

that an envelope-responsive nonlinearity should be able to produce a non-zero constant

(C) from the carrier grating. Consider any continuous point-wise transfonnation function

TO, which is smooth everywhere except the origin; it can be decomposed into:

T(a) =Te(a) +To(a)

where Te(a) is an even-symmetric function, and To(a) is odd-symmetric:

Te(a) = [T(a) +T(-a)1I2 = Tc(-a)

To(a) = [T(a) - T(-a»)/2 =-To(-a)

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

grating, not To(a). ln other words. only a point-wise transfonn with an even-symmetric

part can produce an envelope component. A formai proof of this statement is provided in

Appendix A of Chapter IV for a broad family of pointwise transforrn '.unctions. which

includes the nonlinear functions commonly considered in the psychophysics literature:

the logarithmic transforrn (Burton 1973; Henning et al. 1975; Nachmias and Rogowitz

1983), half-wave rectification, full wave rectification (Chubb & Sperling 1988 1989), and

the square transfonn T(a) =d a2 (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 extcnded

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 Studjes of EnvelQpe DetectiQn

Untilthe discovery of envelope-responsive ceUs in nmmmalian visual cortex

presented in this thesis (Chapters 2-4), the mechanism for envelope delectiQn in the visual

system had long been a puzzle. The resu1ts l'rom psychophysical research on envelope

deteclion suggested three possibilities: 1) an "early nonlinearity" al the front end of the

visual system (Burton 1973; ). 2) a "twQ-stage hybrid" prQcessing in early visual cortex

(Henning et al. 1975), and 3) a "separate mechanism" al a lale sltlge of visual proccssing

(Derrington and Badcock 1985). The foUowing is a review of psychQphysical studics

invQlving 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 interJctions which define the shapes

of the modulation transfer function (MTF) and spatial frequency adapltltion function

(Burton 1973). Presumably, such a nonlinear stage should happen atthe photQreceptQr

level, Qr 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 enve10pe 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 ceUs and in X-LON ceUs' (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 distQrtion producl.

• Nonlincarities in Y-ceUs' subunits (Hochstein and Shapley 1976b) may not he considered as carly
nonlinearities, because il is nol clear how these subunits contribute ta the receplive field structure or
cortical ceUs. In the discussion or Chapler IV, the possibilily or such Y-subunits contributing ta non-Fourier
responses or cortical neurons is presented.
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Although a photoreceptor nonlinearity has been convincingly observed in the

retina (Bunon 1973; Sekiguchi et al 1991; MacLeod et al. 1992, 1993; Chen et al 1993),

it is imponantto notice that such a nonlinearity was demonstrated under a specialized

condition: the stimulus was genemted by interference fringes that bypass the optics of the

eye to achieve extremely high contrast in the retinal image. Under these stimulus

conditions, the pholoreceptor cells were likely operating outside of their linear response

dynamic mnge. With nmural 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 nonnal viewing

conditions (with natural optics).

Three major predictions can be drawn from the early nonlinear hypothesis for

psychophysical studies: 1) because the distonion 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

propenies, such as similar contmst sensitivity functions, dependence on temporal

frequency, adaptation effects, motion aftereffects, and velocity discrimination; 2)

envelope and luminance grating stimuli should interact if superimposed in visualtasks,

for example, showing mutual masking effects; and 3) the effect produced by an envelope

pattern should be canceled by a luminance pattern equalto the distonion product but in

opposite phase.

ln contrastto the first prediction, different dependences on temporal frequency

have been observed for envelope and luminance detection (Derrington and Badcock

1985; Turano and Pantle 1989). Funhennore, envelope detection was shown to be based

on the local contrast increment (equivalent to the depth of the envelope modulation) in

18
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both the carrier contrast and the modulation depth (DerringlOn and Badcock 1986),nlso

inconsistent with the early nonlinearity hypothesis.

A B

--+
./~/'''.

1800 offset
(-cosine phase)

00 offset
(cosine phase)

~ V+"/_~

Ht1
--

900 offset
(sine phase)

.r'"./-'-..,.J

+

HH.< /" = h, j~~~!, j'-/ .' r 'i~W' '11
-900 offset

(-sine phase)

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 l'ails

quantitatively. Fig.6 illustrates the stimulus paradigm for the masking study. MUlual

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
0

phase (±sine phase, Fig.6A), 0
0

and 180"

phase (±cosine 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).
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A distortion product would be at either 00 or 180
0

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 luminunce gruting is combined with the envelope stimulus, either

in-phase or in anti-phase (cosine phase in Fig.6B), the contrast (Cstim) of the effective

stimulus is the arithmetic sum of the contrasts of the distortion product (Cds') and the

luminance grating (C\um)' Le.

Detecting a luminance grating under a masking envelope stimulus relies on the contrast

increment of the combined stimulus (IC\um±Cds,l) from the distortion product (Cdst). The

opposite is also true for detecting an envelope stimulus on a masking luminance grating.

On the other hand, when the luminance gmting is added in quadrature phase (sine phase

in Fig.6A), the effective stimulus contrast is determined by the trigonometric summation

of the luminance gmting and the distortion product, Le.:

Cstimsin(2ltfcx. + q» = C1umsin(2ltfcx.) ± Cd"cos(2ltfcx.)

in which q> is the phase of the resultant sine wave. It is easy to prove:

Cstim = .,,; C~um + C~t

and Iqum - Cd,,1 < Cstim < (C1um + Cdst)·

Similar to the in- or anti-phase condition, detecting the stimulus signal under a mask

relies on the contrast increment of the combined stimulus (Cstim) from the mask (C1um or

Cdst)' 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 hypOlhesis 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 eariy nonlinear hypothesis in mutual

masking studies suggests the failure of such a hypothesis. If the eariy nonlinear
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hypothesis is COlTec!, the masking experiment provides a method to estimate the amount

of distonion products from the envelope stimulus, which in tum can be used to infer the

extent of an early nonlinearity. Because this early nonlinearity would also distortthe

luminance gmtings, a second harmonic should be genemted from li luminance grming,

and should produce lImasking effect on the detection of lInother luminance gmting

having twice the spatilll frequency of the envelope stimulus. Experimentailissessment

showed negligibly liule such second hamlOnic luminance grming mllsking effect

comparing to the estimmed 2nd harmonics (Henning etlii. 1975), leuding Henning etlll

(1975) to rejectthe early nonlinear hypothesis.

Perhaps the most convincing psychophysicul evidence lIgllinst the eurly

nonlinearity hypothesis for envelope de!ection is that no luminance gnttings huve been

found to cancel the hypothesized distortion products from the envelope stimuli. Using li

direction discrimination task with envelope displllcement, Badcock and DelTington

(1989) could not find a luminance gmting to nullthe hypotheticll! distonion product from

the envelope stimuli.

Henning et al's two-stage hybrid model

The failure of the early nonlinear hypothesis suggests thlltthe 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 pauern. 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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convened into activity" , and fed into the 10w-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

signais from luminance elements.

Luminance Elements

FIG.7 Illustr.ttion 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 betwccn "output" and "activily" ir this thesis is thal the activity trealS the responses from
on and off cells in the same way, white the outputlrealS the responses from the off cells as negative
responses, if we assume the visual system uses pairs of on/off cel1s in a push-pul1 fashion ID cancel out the
nonlinearilY produced by rectification in the cell's response.
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process. not due to sorne 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 tempoml propeny differences in

the two separate processes of the first stage; the mutual nmsking effect between envelope

and luminance gmtings (Henning et al 1975; Nnchmias and Rogowitz 1983) is rendily

explained by the combination of the envelope and luminance informlllion at the second

stage.

The hybrid model was (seemingly) rejected by an early neurophysiologicnl study

in the striate conex of both cat and monkey (Albrecht nnd De Vnlois 198\). Using

envelope stimuli with a fixed mtio 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 nll

three Fourier components were ail outside of the cell's luminance passband. lt 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-mnge 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 poslponed ta 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

sepamtely, i.e. low level visual cortex for luminance and high level for envelope

information. Derrington (1987) suggested thatlhe mutual masking effect mighttake 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 wouId 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 atthe 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 mutua1 masking effect belWeen

envelope and luminance gratings could be produced by the nonlinearities atthe LGN

1evel, if such nonlinearities are then canceled atthe corticallevel; the mutual masking

effect is still unexplained by the separate mechanism hypothesis.

Oyervjew of Following Chapters

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 cal, 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 drlfting stimuli. Chapter Four presents the spatial properties of envelope

responses, such as the dependences on the envelope and carrier spatial frequencies, the

sepambility 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 infonnation couId be as early as striate

and circumstriate cortex. The neuml response to envelope stimuli cannot be explnined by

simply ndding nn 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 infonnation, in parallelto the conventional luminance processing strenlll. A

three-stage compulational model is proposed, with an extensive computer sillluimion, to

modelthe envelope responsive stream: an early narrow-band spatial frequency selective

filtering, a pointwise nonlinearity, and a late spatial frequency filtering.

It will be indicated in the tifth chapter thm although the proposed three-stage

computational model is based on neurophysiological data using envelope stimuli, this

model could also provide responses to OIher non-Fourier stimuli, such as contmst

modulation pallerns carried by noise, moving texture quilt stimuli, traveling contmst

flicker pallerns on noise, and anomalous contours produced by abulling gr'.ltings. This

generalization indicates a fascinating hypothesis to be tested in the future: that the

envelope-responsive neurons in early visual cortex may provide a neuml basis to

represent the non-Fourier aspects of visual infonnation 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."
Mammallan slna18 and ctrcumstrialec:omcaJ neutons hsv810ng been understood ascoding
SPSltsJly locahzed retmB! lumInance vanatlons. providing a bUis for computlng matlon,
sloreopslS. and contours tram the retinaJ image. However, such pen:eptual attributes dO
notalWays correspond 10 the retmBllumlnance vanallo"! in nBlUraivision. Reccrdings frcm
areB 17 and 18 "eurons of the cal revealed a special/zed nonllnear pnx:essing stream that
rs,pondS 10 abmuJus attnblJtes that have no correspondlng luminance varia1iona. llUs
nonllnear stream Bets ln pal1lJleI to UUtconventionallumlnance processing 01 singleccrtical
neurons. The IWO stream! wete'consistent ln thel' preference for orientation and dirediDn
of motion but distinct ln procesSlng spatial vanatJons of the stimulus adrlbutos.

•

•

The tCCCpll\'C riclds oi umple cdls in the
('3th' \'ISU:a1 '::Ortcx CONlse 01 dongiiucd.
OIhcm:aunlt CXCU3COrv and Inhibitorv re·
iliOns. Selecnvlty lor snmulus onemanon
and 5p:lII:d lTequenc\' Il convennonallv ex·
pl3aned an te""s of line:lf spanal 5umma·
lion: 11nl\· The5e StImuli whose lumtn:mce
vanallons m:ueh the lavout oi amaRemme
recepu\·e field reRIOns Will produce are·

y.Jo znou OfP,l"~rllal PSVd'IDIOOY. Mca.J1 Ut\IVef.
S'IV Monere.I,~, c.naaa M3A lBI
C L a"".. JI McGoU VIllOn FleMMe" Ur"l, OpnlfW.
maIllqy CIICW1ment MeQ,1I U~ltIV Montlell Ove·
OK C:tnaCLII HJ" 1'"

'B

sponse (Il. The wide range of preferreci
5P:llfl:lll ftequencu:s of c::omcal neurons bas
supporred a theorencal vicw of carly vision
in renns of local (piec::ewise) Fourier analy.
liS (ll. However. this sc:heme cannOt ex·
plaIn vuual responses to motion. nereopsiJ.
edites. and s~atial position when these at·
mbutes do not correspond ta the Fourier
sp:U1:l11 ftequency power oi the stimuli (3).
One mmulus that reveals the exutenc:e o(
"non·Founer" processing is an envelope
mmulw. whlc::h CONUts of a noise pattern
or a hiRh spatial f'requencv luminance grat·
mil IC:llmer) whOle conrrast lS modulared bv
.l 10..... sraflal ftequenC\' p:nrem lenvelopel.

::C1E~c:E • \'('IL. :td • : IULY IQQ1
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BeC:lUle Ihert: II no Founer .:empont:nt
correlpondm!: tO the p:tnem modulauon •
the Jelecnon 01 envelope p:meml sut:(eSlS
the nutence ef nonhnc:lf proceuml: an Ihe
vuual system (4). The nonllnc:lf :malvsu
m2V DCcur ;aher the eonacalspauOlI ftequen·
cv-selecnve 6hennill. or before. :li a cons~·

quence oi earlv nonhne;amv (S).
Wc derennaned wherher area 17 and 18

neurons responded tO sp:m;allv one~imen·
nonal envelope: stimuli (6). usmill sinillie
stanonarv high sparial ftequency (le) lumt·
nance graungs :li the camets and sangle
mOvtng low span:t1 frequenc:y <f.> line
waves as the envelopel (Fig. lA). Such
envelope: stimuli were percetved as a mov·
ing panem of spOluallv ahemanng tnltupar·
encv and occlunon placed on a high spanal
frequencv lummance gratlng. The nimull
were genenued bv the multiplicanon of two
gr.mng patterns (canter nrnes envelope:
Fig. lB). In the Founer rTequencv dontaln.
such envelope snmuh comlneci of a !inear
sum of three componenu closc:lv centered
about rhe high spanal fTequency camer: :1

nanoRarv mlddle component :u the camer
spaual lTequency (f,,). a low side band (le ­
f.l, 3nd. hlgh .id. band Cf. +fJ CFig. ICI.
The rwo side bands movecl opposttely at the
sante temporal frcquenc\' as the envelope
(1.). However. no Founer energy was:llt the
envelope spatiotemporal fTequenc:y (/.J,)
(Fig. 1C). When Il neuron responded to an
envelope stimulus in" whlch ail the Founer
compenents were c1earlv ourside iu fre·
quencv·selCi:tive range and only the enve·
lape spatiotemporal ftequency was imtde.
this neuron must have been re:spending ~o
the envelope of the srimulw as a result ci
nontinear proceuing (n.

ThirtY·ntne of 94 cells re:sponded sigot(·
ieandv ra the non-Fourier envelope pattern
(B). ahhoulI:h the envelope l'apome was
weaker than the same cell's luminance gntt­
mg response at its optimal spatial ~uen·
cv. Halfof the simple (n • 22) and mou of
the complex (10%. n • 30) type cel1s in
uca 18 were envclope·re:sponslVe. where:as
only 1 OUt of 12 slmple and a minoriry ot
complex (20%. n • 30) cells in uca 17
\Vere envelope:·responsive (9). Envelope·
responsive cells showecl the same preferrcd
dirCi:non. degree o( temporal modulanon.
and preferrcd orientation tO envelope pat­
tems as they showed ta luminance grating
snmuli (la).

The simplen explanatiOn of such re'
sporues would he an earlv nonlinear mns·
fotm (Fig. lAl in whic:h any snmulw gces
du'Ough Il pointwise nonlineariry (II) be·
(ore spatial frequency-sclCi:tive nhenng. In
rhis model. rhe nonlineariry produces a
Fourier component (distomon producd at
the envelope spatiotempor::tl f'requenc\·. and
the subsequent trequency Iilrennl; pieks our
rhe Jisrortlon producr and removes rhe



Rg. :J. Oooenaeneo 01 ncuronlll IIII1DOns. 10
onveloce slImUl1 on Intl CDrflor ana el'1VeIODO
spana! IreQuancy. Responsel to lM atlmOlul
rnovtl"lQ ln tha plllienod dlrectlon of the coll
llOlld linos ana symt:lol11 nnd 10 ItllI nanar.
IORea dll'ecllon ot malien (dUt1ed linei ana
open symDCl111 8J'e 'r'leM'n. The mIluureo value
OlllconlaneouS aClMry wu subl1aCtod trom a!1
ltle le.penns. The atlbrlM8llOl1 "qxI" ltanel
lot cycles per dfIQtee 01 VI..... angle. (A) O.
eenaenceon Ih. camor .paIL81lreQu1ncy. Two
lunds 01 IDalia! frequency n.nng~ fMao
surea on the ume neuron .... IIIu1U..acI: (i) the
lumlnat1CO spall8l frllQUonc:y IU"1ll"IQ curw 1••
0). meuured IrCIlTI lM rolDQnln 10 SIOQI.
h.•,.lInance gralll"lQs. and (li) lha camer .pall8l
lreauency IUt'\ll"lQ cutVe (60• .6.) 1tœ1 fl'IO ltf'IWt­

lope '"pon•••. Th. enveloDe 'DalIAi trequen.
Cf wu Mid conslant .1 the cell'. ootmalll.l'Tli'
nance ID&lI8I IrllQUOt1CV (0.3 epa). and Ir.
aDSClSuIRClIC8le.ln. camet".oauaa trequency
or lho onvelC/t)8ll1mull. (II and C) [)epenaence
on Ine enveloDO .callallrequoncy lor rM:J olhel'
t'lOUron•. Two lcallal IreQUItnCV IlA'\InO cutve.
are ptoned ln each graph: (1) tha hJmtnarrCe
Spalla! tteauencv tut'IIt"IQ CUMI (•• 0) and (i/)
!he ettMllOPO .pallallt8QU8t1CY Ilnt'IQ CUMlI6o.
.6.) ln 'M'UCfl ln. eatner .pallal Ir8QUltt1Cy wu
lixed al Ine cell's OQ:ltmal value l' :42 CDO lor lB)
ana 2.73 epCI lor (Cl. oblalned Item 1". me.·
surement olIM cllll'l camer spallal trecuoncy
oePenClence a. In lAH CUMII ln (B) ana ICl
......re f\OlmaltZea la lne largell .....tu. In lne
crelerntd dlreellon ,esconle curve ..

he 'eleCIl\'r 10 .1 fUlTnw IJon"e \lI n'Rh
~pall::r.l ttC\.luenclel Il.?) dUI Wti much
nlRher ltun lhe ,c1ecll\'e rant;e lor luml'
nance ",'t;lIunl:' ,FIl:. lAl. The (W'O Ip::r.llal
trequcncv-,clecn\'c r.lhI;n dlJ noc ovt'Ilap.
nccpt lot (lne ccII. We chcn nannnaJ 14
oÎ tne1C n~urolU lor thclt Jependencc un
cnvclope sr::r.lI;allTC4u~nc".In mon cues (n
• Ill. che cn...elllpe ;and lumll\ancc sp::r.nal
frcqucncv lunlniZ curvcs wele dilfen:nt: che

Flg. 2. lA) The 'oartv non""''''
hypolhesI" (II) PropoalQ "rwo­
slteam' meenanas.m The l.sft
slteam Il. lor lununanc. PfClCIlu·
IOQ. and lho l'Ohl one as tOI' efMto

Iooa orocoulOQ The neaw armw
InCIlCoiSles ol IttonQM lelDOns. In
the lumlnanco Inari III lhe ltfl\'D­

topo lueam The lODn ln oal:h
fllier DOlI OOOielS IMtlllller S lurllng
CUNe on Il !OQonll"rnlC IIc.llGllr.
quency sC4Itl, and Iho ICOt\S ln lno
nonllnCUll'itv benes Indlcat. Iull·
wa..." IOCllhCoiS\lon
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me:nureJ wllh lumlrunce ",,,",uni: stlmuh .11

~\'e~1 ~pOluJI tTequencles. Then lne Je­
pcnJence Iln camer ~paual frequenc." wal
JetemuneJ wun en...elupc ulnluh ln wnlch
,ne en\'elopc I~nOlI frequenc:v wu hud ;u
the 0pumJll lumuunce ~paual tTequenc:v
IoI/nlle the Qmer ,pan::r.1 ~uenc:v wal var­
led. Withour ellcepnon (n • 39), Ihe
Qmer IpOln::r.1 fn.-quencv depcndence ior an
en"clopc-respCllUlVe neuran w:u. iound to

A

c

'.

Fig. 1. Scallallv one'OlmenllonSI envelooe
SlImUIl. (Al A luminance crollie ot Ine sllmulus
al a gl...en lime. lB) The scace-Ilme mlenilly
clar al a silmulus. The aoscllsa 1$ sDaual
0051110n. lM oromale Il lime. and Ine gray
'evel mOlC4lel Ine luminance at a grven sca·
liai OOlilion ano lime. In IhlS examcle. Ine
conltaSI enveloce n'lovel letTwaro wnlle lhe
cartler temalns ~uallonary (C) The power
sceclrum 01 Ihe IllmulL symmllltlC lan,sloe
OUBO,.,nIS are ominod, Three Fouller comeo·
nenls Isotld cllclesl wete ln Itl8 Icecttum. OUI
no Fourcet comoonent wal al Itl8 enveloee
:;C8llolemooral Ireauency lOge" clrcla). The
~alcneo area InOlcaUtS In& neuron 1 Ireouon·
cy·seteclI...e range lot SIngle luminance gr81·
''19-:' :ho IcmCOtal lrecuency 01 lhe dtlhmg
en...eloee was SDIIO Ine oCIImallot IMe onllln9
'Umlnancc graMg l' ,l

hll~h·,p:U1:1I.fre~ucncv (:> fJ ..::omptlOcnn
ln InC stimulus, [kC:lUSC thcll: u no sp:ltlal
Ircqucncv-~clcc:n"c li.hcnnf: belore the
nonilnc:mrv. thu hyPOlhclU prcdlcu th:u a
'Mlde nnr;:c ai chanl;cl ln the umet sp:1It131
Ircqucncv ,hould not ;alfcer the nTCn!;lh 01

cnvdope rtspoNes. In 3ddUton. the- cnve­
lope SP:UlOlI hcqucncv tunlnR shoulJ he the
, ..me ou Ih31 for lInKlc lumU\.U\cc cr.aunKS
10 3 glvcn neuron bct.:llUe bath che dluor·
uon ptoduCt and the lummantc gr.mnl:
rcsporocs arc proccssed bv che same fihet.

ln ortler to (cst chesc precitl:uons. we
uscd t'Wa kinds oi snmuh: (Il convennon,,1
lumtn.:lncc gr.ltlnR snmuh wnh onlv one
Faune:r lTcqucncv (omponent 3nd (ii) en·
vclopc: mmuh (Fil:. 1) wuh duce Founer
lTcqucncv componcnU. The Lammancc spa·
flal ftequencv dcpcndcncc oi :i ncuron was

1" "11

11

' 'III,illl ,III.
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prrlC'ncd r:m~t' ,,1 cnvdo~ ,p:mal frcqurn­
~v w.n IIl .....Cf than ,hat uE luminance 'p:llllai
I,('qllcncv (fu.:. l. B and Cl.

The tn:quencV''lelecnvc n'llure uf the
Lamer ,panai fr~ucncvdc~ndcnccand the
JU'fcp:mcv berNern envclupt' and !uma·
~ncc 'p..nal lrequcncv Jcpcndcnce1 rulc
nUI 1he poulbthtv of cxpl:llnUl~ the cnye'
lope rcsporuel hv anv c:lIl" pointwuc non'
hnramv (Fig. 2A). lrutcad wc prop:»(' a
,peclal proccSlln~ \ffcilm <FlA'. ZB. "gh!
miel thon ., paroallcl ta the lumlOancc pro­
ccnlnll (fj~. ~B. Idt s,de) in the rcccpnvc
field UrJ.'OUlUOlnon. Thu cnvclopc.rcspClnSlvc
meilm <:m bc moocled bv (hIer s~: (i)
clulv 'P3U;lj frcqucncv tiltcnnN sclccnvc 10 il

narrow ran&.:c nE hll~h tfCqucncy. 'Provldin~
the (amer ,pan.11 lTcqucncy dcpcndcncc: (ü)
polnlwnc nonhncanr;; :md (jjil lalc ,panai
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Ftg. 4. Camer sDallal Ireauency lunlng CUNel
cl IMrl~e neutons. measuled W1lh varlOUa enve·
1000 ~Do1l11l! 'reauenC1UI. The conventions lor
sVrnool1 ana axes are lno sama as ln Fig. JA.
unlolS lnrllt&lea. lA ana D) Two cureCI10l"l8JIy
DlllSOO neurons. The luminance spalla! Ire·
QUllncv lunlnQ CUlVel arc \f'lQlc:a!ea by le. Cl.
ThrOB carrier spallal Ireauencv lumng curves
lor BaCh graen were mellluntCl W1lh the enve·
IODe spallal l,eauencu!S 0.05 CDO (4. "j,), O. t
cpa ,•• CI. ,ln0 0.2 CDO 1•• 0..». tCl A nana.,
'l'dlonal/v ClDseo COll Dnly me re_conses 10
~ne DIrection 01 stimulUS mollon are plc"ea.
nuoe l!nvelooe 50.111.11 IreauenClel 10.1 cca
(AI. 0 ;;!cOOI.l . ..Ince 3 cca '~1 W8reusea ln
me8suflng IMe carnef SOilU.11 'r8Quonc::y lunlng
CUNI!S

".

~qucncv rihcnnR. whlch COl'Te1ponW 10 the
cn...duf'C 'p;lC~ frequcncv Jcpendencc.
CuruuJu :m C'nvclope IlImuhü wuh :1 amer
'J)Omal frcquenc:v INlde Ihe ~elecnve romll:e
o( the carly hher :md wuh la envclope
sp:lu31 frequencv INade the sclccnve l'2I1ge
o( Ihe late Ilhet. The Founer companenu
(cime to the carner frequency) in the stim­
ulus are p~ by lhe early lileer. The
nonhne;mry produca Il Founer companent
(envelope componmt) at the cnvclope lpa­
nOlempol'OlI' f'requcncy. This Fountr com~
nent is then pldced up by the late lilter.
a1lowmg the neuron la respond ta the enve­
lope SMlulw. NOIic:e lhat Ihe envclope­
rC3poNlve s~:un does not respond to lunu­
nance J,,>r.snng srtrnuli: sinCA:: the spaaa1 fre·
quenev-w:lecnve r:anees of the carly and late
lihen Jo not averlap. Anv Iumirw\ee gtatu\R
'Mlulus cannot l'oua bath che carly and the
lare rihen. Ta Ace:ount (or the ceU', lumi­
nance rcsponse propcmes. il Icpatate lumi­
nance·proces.sinS sttelUn (FiS. 2B. left side)
is stùl nteded.

Bec:awe sep:ltace filccn mediate the reg­
iscronon of Fauner energy in the envelopc::
stimuli and che txaacnon of me envdopc::
component. che tNee-ltage cascade model
predlcu a $CpU2ble dcpendenee on the
auner :md. envelope spari:al frcqutneies:
chanlPng the envclope spanal frcquenc:y
should not ~ect the shape Md range of che
c::amer sparial. frequencv depe:ndenee. Four­
teen envelopc::-respotulve ecUs were:: eurn·
i.ned for cheir dependence on c:amer sparial
fTequeney under ::1; &tries of envelopc: spariaJ
fRquencles. Varytna the envelopc: SpllrW.

frequency aB'ectcd onlv the magnitude: of
che carrier sparial frcqucncy tuning wilhout
changing iu shape Emd optimal frequency
(Fig. ·n. JemonsaatinB: scpanble carrier
and envclope spatial frcquency dcpcndcn­
Cl" (.. predie'cd by Fig. 2B).

Thesc find!nga lndicaœ that contrast
envclope detection is functionallv impor­
tartt and not 3ft "acctdcnw" sccondary
consequence af I.mpetfections in an other­
wise Iine3%' mechanism. The propos.cd two­
stre:am moJel supplemenu a convcntional
line:at·l1lter model with A puallel. nontin­
e3f pachway. Such an ammgmlcnt penniu
the robust detecrion of movina. oricnted
COntOurs in a manner invariant with theit
composition_ The laek of correspondenc:e
betwecn spatial f'requenc:v sclecriviry for
lummance and envelope grarinp sccms
pu:ling but suppora the distina RaNl"C of
envelope: information. Further studics on
inter:acnons beewecn the two pathnvs may
shed IIght on the funcrionallmponanee of
thu Jucrep:1nCV.
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Surnrnary and Conclusions

1. Single cortical neurons are known 10 respond to visual stimuli comaining Fourier

cornponents only in a narrow range of spatial frequency. This investigation demonstrutes

that sorne 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 sinusoidailumin:lllce grating (carrier) whose contmst was

modulated by a low-spatial-frequency sine wave (envelope). There was no Fourier

component atthe 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 lunùnance spatial frequency passband while ail the real Fourier

components in the stimuli were outside.

3. Extensive control experiments were conducted to eliminate the possibility of producing

anifactual 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 contmst of the artifact produced by the screen nonlinearity.

AlI these control experiments indicated that any effect of screen nonlinearity did not

contribute 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 c1assify ceUs as "envelope-responsive" or not.

A clear segregation between envelope-responsive and non-envelope-responsive cells was

observed in the distribution ofrelative envelope response strength.
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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 ceIls

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 genl"rally smaller than that of responses to

luminance gmting stimuli at the same contras!. However, both the envelope and

luminance responses were consistent for a given neuron in direction selectivity,

orientation selectivity, and temporal modulation.

7. The existence ofsuch envelope-responsive cells implicates areas 17 and 18 as a neural

basis for the early processing of non-Fourier aspects of visual infonnation that have been

extensively demonstrated by human psychophysics.
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INTRODUCTION

Single neurons in the striate and circulllstriate cortel( of both monkey and cal have

been widely reported as being selective to a narrow range of spathtl frequencies when Ihe

neurons were stimulated by sinusoidalluminance gmtings (Cooper and Robson 1968;

Campbell et al 1969; Maffei and Fiorentini 1973; Tolhurst :lIld Movshon 1975; Movshon

et al. 1978a.b.c; Heggelund 198Ia.b; De Valois et al. 1982. 1988; Baker 1990). Because

such a spatial frequency selectivity Ctlll be well modeled by linear fillers. these neurons

are conventionally underslood 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 wouId not cause the

neuron to respond to Fourier componems 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 oflinear systems analysis in

studying low-Ievel visual function has been successful in both interpreting human

psychophysical data and modeling low-Ievel visual information processing (Gmham

1980; Robson 1980; Adelson and Bergen 1985; van Santen and Sperling 1985; Watson

and Ahumada 1985; Field 1987).

Despite the success of the "quasi-linear filter" concept[l] 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. Sorne neurophysiological reports have implied the existence of significant

nonlinearity in the receptive field. which may not be explained by this quasi-linear tiller
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concept. Neurons in monkey V1 and V2 cortex, as weil as in cat area 17, have been

reported as responding to the "illusory contours" produced by visual stimuli that share

sorne 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-Ievel

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, ail centered around the carrier spatial frequency; no

Fourier component is at the envelope spatial frequency. When the carrier and envelope

spatial frequencies are weil separated, the stimuli become band-limited in the Fourier

domain - a potential advantage for analyzing the underlying mechanism of envelope

response. Sorne 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
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1993), and demanded a revision of the spatial frequ~ncy-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 lIny possible

stimulus artifllcl. The question of whether envelope responsiveness lies on li continuum or

is divided into two clltegoricaltypes of ceUs is then eXllmined. Some general properties of

envelope responses ure illustrllted, such liS direction selectivity, orientlltion selectivity,

response strength rell1live to lurninllnce responses, temporal rnodullllion of responses, lInd

distribution of envelope-responsive ceUs among simple and cornpiex ceUs and bctwccn

the two corticalureas.
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Melhods

Animal preparation

Prcsurgcry ancsrhesia was induçcd by inhalation of halothane/oxygen and

maimained with imravenous 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 imravenous cannulation, a tracheal cannulation, and a small

craniotomy for single unit recording (P3-L1 for area 17 or A3-L4 for area 18). Al'ter

completion of surgery, animaIs were paralyzed with an Lv. injection of 4 mg/kg

gallamine triethiodide (Flaxedil) and maimained by an Lv. infusion of 10 mg'kg-I'hr- I

gallamine triethiodide supplememed with 2 ml'kg-l'hr- I of dextrose in lactated Ringer

solution. A light anesthesia was maintained -.vith a mixture of7:3 N20/02 and

1 mg'kg-I'hr" 1 pentobarbital sodium (Lv.) 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 C02

was monitored with a Hewllet-Packard 472IOA Capnometer and maimained at3.9% by

adjusting respiralOr stroke volume and rate. Rectaltemperature was thermostatically

regulated at 37.50 C.

Gas-permeable neutral comactlenses were inserted after the pupils had been

dilated by 1% Atropine sulphate and the nictiw.ting 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 cm for area 18.
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Srimuli

Two kinds of spatially one-dimensional drifting grating stimuli were employed in

this inves:igation: luminance grating stimuli and envelope stimuli. A llUninance graling

stimulus was a conventional sinusoidalluminance grating, having a spatial luminance

profile of:

LL(x) = LoO+C sin[2ltfsx-2ltft t])

where La was the mean luminance, C the contrast, fs the spatial frequency, and ft the

temporal frequency; the sign of ft determined the direction of motion of the grating.

An envelope srimulus was composed of a high spatial frequency luminance

grating (carrier) with its contrast modulated by a low spatial frequency sine-wave

(envelope):

LEnv(x) =Lo[! + C sin[2ltfcxl (l +sin[2lt(fex-2ltft t)])/2}

=Lo(! + C sin(2lt(fc-fe)x+2ltft t+lt/2I/4 + C sin[2~f.:xl/2

+ C sin[2lt(fc+fe)x-2ltftt-lt/21/4} (Eg.I)

where fc was the carrier spatial fret[uency, fe the envelope spatial frequency, and ft the

enve!ope 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 mom",nt is shown in Fig.! A. The drifting envelope and stationary carrier

of a lefrward drifting envelope stimulus is illustrated in Fig.! B, 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 consi,,'s of threc

components: a low side band, a middle componem, and a high side band (Eq.! and

Fig.! Cl. There are spatiotemporal constraints among the Fourier components for the

envelope 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 stimuluJ without altering
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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 frcquency equalto the envelope's. The high-side band

moved in the same direction as the envelope.

Notiee that there is no Fourier component at the envelope spatial frequency

(alt~ough an apparent periodicity is perceived in the stimulus). If a neuron can respond to

the envelope stimulus but not 10 its Fourier components, that neuron must be responding

to the envelope modulution pattern, which requires nonlinear processing.

Srimulus generarion

Visual stimuli were generated by a Compaq Deskpro 386 microcomputer

controlling a Revolution 1024 graphies 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 identieal 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 graphies 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-pixellook-up-table

length.
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The method of generating an envelope stimulus \Vas similar 10 that used for the

luminance grating. The contrast profiles of the carrier grating and the envelope grating

\Vere separately maintained in the host computer memory as high resolution copies (2048

points). During each fmme refresh, the envelope 'Uld carrier \Vere subsampled and stored

in two low resolution arrays, which \Vere then multiplied point by point. The product wus

scaled to S-bit gmy resolution and stored in a buffer, \Vhich \Vas quickly copied to the

Revolution look-up-table during Ihe flyback. The independent motion of the envelope

and carrier was produced by sepamtely manipulating the offsets for the subsampling of

the envelope and carrier high-resolution arrays.

Stimulus display and screen nonlineariry test

Visual stimuli were presented on a Joyce display screen (me:\n luminance,

115 cd/m2; display size, 30 x 23 cm) whose video signais were synchronized to the

Revolution graphies cardo 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 contmst, 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

Iinearly. The screen linearity was achieved by an internai feedback-corrected z­

linearization amplifier. The luminance response of the Joyce screen was measured

regularly (with a Hagner Vniversal Photometer in earlier experiments and a VDT

Optometer, 5370 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 contrastthreshold (Blake et al. 1974; Pasternak and Horn 1991).

Fig.2A shows four typical measurements perforrned at differenttimes (for cIarity

of illustration, the curves are horizontally displaced). The abscissa is the digital value of
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the gmphics card look-up table, and the ordinate is the screen luminance. Polynomial

filling (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 "overfilling" the data

(Larimore and Mehm 1985). The filled polynomial was then used to estimate the

equivalent contrasts of the distortion products l'rom 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 conlrJst was

then obtained by dividing the square root of this effective Fourier energy by the mean

luminance. Fig.2B ilIustrates the equivalent distortion contrast l'rom envelope stimuli for

a series of carrier spatial frequencies. Although sorne variation was observed, the

equivalent distortion contrasts l'rom different curve fits (dashed lines) were alllower than

0.6%. Table 1 ilIustrates 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 VDT photometer through a slit window (1 x 47 mm) parullel to

the stimulus orientation (the width of the slit was about 1.5 limes the space between the

screen raster lines). The envelope stimuli were drifling under this slit so thatthe spatial

luminance profile of the envelope stimulus was registered as the temporal profile of the

analog signal l'rom the photometer. The analog signal was recorded with an ND

converter of a lab interface card (LabMaster). The distortion contrast (same as above) was

obtained l'rom a set of measured envelope stimuli with a series of carrier spatial

frequencies, and plolled as the solid line with circles in Fig.2B. The distortion product
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contrasls from the dynamicaltesting were no greater than those estimated from the statie

measurements of the luminance response for unifonn fields.

Funher control experiments are described in the reslllt section, to insllre tlmt this

residual contrast distortion product did not contribute significantly to the neurons'

envelope responses.

Measuring the transfer function ofthe diffusing sheet

For sorne control experiments a diffusing sheet was placed in front of the Joyce

display screen, to act as a spatiallow-pass filter. The spatialtransfer 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 gmting stimuli were

measured for a series of spatial frequencies using the same method described libove for

measuring those of envelope stimuli. Mean and first harmonic values of the grating's

luminance profile were calculated by FFT and the contrast WIlS oblllined by dividing the

flfSt harmonic by the mean. The contrast transfer function of the diffusing sheet was

caIculated 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

SignaIs recorded with glass-coated tungsten or platinum-iridium (Frederick Haer)

microelectrodes (about 2 Mil at 1 kHz) were amplified (AM-Systems, Model 18(0), 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 fmme rate of the graphies 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

to 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 tempoml frequency of the cell was detennined 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 optimallengths and positions of the

stimuli were obtained by adjusting the length and position of a drifting luminance grating

at the optimal orientation and spatial-tempoml 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

pennitted, the line weighting function of the cell was also measured with flashed bars at

various spatial positions (Hubei 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 carner spatial frequencies,

were randomly interleaved. The duration for each condition was 5.2 seconds with a

typieal 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 concentmtes 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 \Vas adjusted to obtain a strong response. The

carrier grating of the envelope stimuli \Vas kept stationary in this study.

Cells \Vere classified as simple or complex mainly according to the relative

modulation depth of the post-time stimulus histogram, using a drifting luminance grnting

stimulus atthe cell's optimal spatiotemporal frequency (Skollun et al. 1991). In some

cells, when line-\Veighting fllnction tests were available, the on-off spatial segregation of

the receptive field was also used as a sllpplementary criterion to detemline the cell class

(Hubei and Wiesel 1962).

His/a/ogy

At the end of the experimem the animal was ellthanized with an overdose of

pentobarbital. In sorne experiments, the recorded area was histologically verified by

conventional procedures: animais were perfllsed transcardially with saline followed by

formaIin, 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).

49



•

•

RESULT

Envelope Re~'Ponses

Twenty·nine nonnal adult cats were used in this investigation. Ninety-four cells

from area 17 and 18 were lested 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 sinusoidalluminance gmtings at a series of

spatial frequencies. These cells were thln lested with envelope stimuli, in which the

envelope spatial frequency was setto 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, aIthough 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

sinusoidalluminance 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 sinusoidalluminance 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 celis 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
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luminance passband (circles in Fig.3A), although the strength of envclope responses were

much smaller than luminance responses (the same contmst, 77%, was useù for ail the

stimuli). Post-time stimulus histogml11s (PSTHs) in Fig.3B inùicute the tempoml

modulations of the responses 10 the luminance gmting stimulus anù 10 the envelope

stimuli atthree high-spatial-frequencies of carrier (fc=2.1 cpd, 2.7 cpd, lInd 3.58 cpù).

These temporal modulutions are phase locked to the tempoml cycles of the stimulus

motion (the sine-wave ut the bottom shows the temporal cycles of stimulus motion

passing the center of the receptive field).

A typical envelope-responsive simple-type cell l'rom area 18 is shown in Fig.4,

with a similar result. SmaU spontaneous activity and carrier responses (circles in Fig.4A)

were recorded and illustrated in bOlh panel A and B. Again, clear envelope responses

were observed with a tempoml 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 gmting stimuli

for carrier responses, the contmst 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 tempoml modulation of envelope responses, as shown in the post­

stimulus time histogmms of the two figures. There was no systematic difference in the

strength of envelope responses between cells in the two conical 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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Controis for CRT llOlllillearity

It is very important tG i"culize the potential risk of obtuining anifactual results,

because conical neurons are very sensitive to the contrust energy within their luminunce

spatial frequency puss-bund; the contrust threshold for the most sensitive neurons cun be

0.5-0.65% (Tolhurst et ul. 1981). Thus u very smull CRT screen nonlinearity that

produced a tiny distonion product at the envelope sputial frequency of the envelope

stimuli might cause neural responses ta the envelope pattern. In the Methods section,

measurements of the Joyce screen's linearity insured that such distortion products in these

envelope stimuli were alwuys less than 0.6% contrast, Le. about the contrastthreshold for

the most sensitive neurons und for the cat's psychophysically measured contrast

sensitivity.

Various aspects of the data, described in this and the succeeding paper (and aIse

Zhou and Baker 1993), are entirely inconsistent with the observed envelope responses

being due to such an anifacl. 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 C~ T screen

nonlinearity, if it had produced a distortion productthat 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.

Nevenheless, to further insure thatthe tiny CRT screen distortion product did not

eontribute to the neurons' responses to the envelope stimuli, the envelope responses were

eompared with the neurons' responses to the estimated distonion produet from the

residual sereen nonlinearity. Two methods were used for the eomparison.
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One test was to compare the enve10pe responses with the response III a 0.6%

contrast luminance grating stimulus at the optimal luminance spatial frequency of the

neuran. In ail 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 l'rom the screen did not contribute subslantially 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 a 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% contmst 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 srrong attenuation

for frequencies higher than 1 cpd, and attenuated little below 0.5 cpd. Suppose that the

CRT screen had praduced 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 neuran's envelope responses, since the carrier spatial

frequencies of the envelope stimuli were higher than 1 cpd.
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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 ail

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 couId produce Fourier

energy around the envelope spatial frequency.

One side-effect of the diffusing sheet is that it also allenuates the mean luminance

(-0.22 log unit) irrespective of the spatial frequency of the stimuli (circles in Fig.8A). To

insure tha! 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 sorne 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).lfsuch 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 !hat 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 contr:lsts were used for the cell in A (77%. 38%, and 19%)

and two for B (77% and 38%). Envelope response~' were measured with various carrier

spatial frequencies oUlside of the cell's luminance passband while the envelope spatial

frequency was fixed. The cells' carrier responses \Vere 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 rcsponses

were not peculiar to a high stimulus contras!. Notice that any nonlinearity befi.Jre the

narrow-band spatial frequency filtering in the visual system wouId 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).

Ali the evidence described above supports the existence of a neural response to

the envelope stimuli, which is not due to a distortion product originating l'rom either a

residual CRT screen nonlinearity or l'rom an early retinal nonlinearity. The following

studies will provide an objective method of deterrnining 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 ofenvelope-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

statisticaltest is needed to deterrnine objectively the significance of every cell's envelope
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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 calculateC: as:

R =RL + RM + RH - 2 S (Eq.2)

in which RL, RM, and RH 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 fle::tuations 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 ::patial 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 reE"onses 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 stim'Jlus at the œll's optimal carrier spatial frequency are also

well outside of the cell's luminance pa~s b~.,d, the individual Fourier component

responses as weil 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 hugest envelope response was selected from
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• each cell's data, along with the corresponding carrier gmting response and spontaneous

activity, for funher analysis.

Firstly, the carrier responses were compared with the spontaneous responses in

Fig.IOA to test whether they were the same. Each data point in the ligure represents data

from one cell (note thm spontaneolls activity has 1101 been sllbtracted from the carrier

responses). A square roOl data transform was perfonned before the analysis so thm the

~caller of the data points became uniform, suggesting thm the variance of the responses

was increasing proportionally with their magnitude (Ferguson and Tckane 1989). A

strong correlation between the two kinds of response was observed. Furthemlore, the

regression linl' was very similar to an equality (intercept=O.13, slope=O.93), confinning

that the neurons generally did not show signifieant responses to the carrier gmting

stimûii; therefore the carrier gmting 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 calculaled as:
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ERS =-V Env - -V Max(Spon,Carr) (Eq.3)

•

where Env is the envelope response, Spon the spontaneous 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.

Vnder the null hypothesis thatthe .,JEnv is also statistically the same as .,JCarr and

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

NCarr -.,J Spon). Thus the ERS can be nonnalized to fonn a "nonnalized envelope­

responsive score" (NERS):

NERS = W:'nv - .,J Max(Spon,Carr» / SD

in which SD the standard deviation of ERS approximated from that of N Carr - .,J Spon).

If the null hypothesis were true for ail the cells, NERS should be statistically equal to
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zero, Le. it should follow at-distribution with (N-l) degrees of freedom, where N is the

number of cells. Fig.1 OB shows the distribution density of this NERS score from all 94

cells. Wide variation (from -1 to II) is ob~erved in the NERS distribution, and a deep

valley between 2 and 3 suggests li break in the distribution on the NERS continuum.

According to the t·test, a NERS larger than 2.5 indicates a significance level of P<O.OO6

to rejectthe null hypothesis. Le. that the envelope response is significamly larger than the

carrier response and the spomaneous 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 experimentaltests,

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 concemed only with

these cells.

Distribution ofenvelope-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

cf 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.! 1B is a scaller 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 ofCleland 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=II), and are~\ 18 complex (64%, !l=14) cells belween the

Acuily/lO and Acuily/20 lines; Ihe apparently overalliow percenUlge of envelope­

responsive cells among area 17 complex cells may be due 10 Ihese cells' preference for

higher spalial frequencies Ihan cells in area 18. Thus what govems Ihe possibility of a

given cell being envelope-responsive may be Ihe cell's optimal spatial frequency rather

Ihan the cortical area and the celllype (simple or complex), exccpt for Ihe simple cells in

area 17.

Relative strength ofenvelope re~ponses

It can be seen in the PSTHs presented so far (Figs.3-7) Iimi envelope responses

were often weaker than luminance grating responses. To illustmte 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 10

optimal luminance gratings in Fig.l2. Both envelope and luminance grating stimuli were

moving in the cell's preferred direction, and the stimulus contrasts were ail the same

(77%), which were defined as Ihe peak modulation divided by the mean luminance level

(parameter C in Eq.I). Each data point represents the pair of responses from one cell, and

three reference lines are plotled for comparison: the equality line (the solid line, y=x), Ihe

half-ratio line (the dotted line, y=x/2), and the quarter ratio line (the dashed line, y=x/4).

For ail 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 10 less than a quarter).

Modulation ofenvelope 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; Skollun et al. 1991). As indieated in

Figs.3-7, the temporal modulation depth of envelope responses appeared to be correlated

with the simple/complex cell types. AC (lirst harmonie of the PSTH) to OC (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

atthe optimal carrier spatial frequency. The two AD to OC ratios are compared in

Fig.13A. Each plolled point represents the data from one envelope-responsive cell, and

the equality line is plolled for comparison. The space is partitioned into four quadrants by

the venical and horizontal dashed lines at AC/OC equal to 1. According to Skollun et al's

criterion (1991), cells are classified as simple if their AD/DC ratios are largerthan l, and

as complex otherwise. It can be seen that hardly any cells are in upper left or lower right

quadrants (Fig.I3A), indicating a very good correlation between the simple/complex cell

types and the modulation depth of envelope responses.

Thineen envelope-responsive cells, whose AC/DC was larger than 0.7, were

selected lur comparison of the temporal phase difference between the responses to

luminance gnllings and envelopes; the envelope spatial frequency of the stimuli were the

same as the spatial frequency of the luminance gratings (Fig.I3B). A wide scaner 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 ofenvelope responses

Eleven envelope-responsive cells (one area 17 simple, 2 area 17 complex, 3 area

18 simple, and 5 area 18 complex cells) were examincd for orientation selectivity to
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envelope stimuli. Due to limitations of the equipment that prevented a nllldomly

interleaved series of orientation 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 atthe cell's optimul

luminance spatial frequency, and the envelope stimuli were presented with V:lriOUS 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 ilIustnlles typical examples l'rom the two cortical areas and the

simple/complex celltypes. The triangles indicate envelope responses to the stimuli

presented atthe optimal orientation, the squares indicate envelope responses at the

onhogonal orientation, and the circles show carrier responses lit the optimal orientation

(responses to luminance gnllings atthe carrier spatial frequency of the envelope stimuli).

The abscissas indicate the carrier spatial frequencies of the envelope stimuli. 11 can be

seen thatthe envelope responses atthe orthogonal orientation (squares) were not different

l'rom the cell's carrier responses (circles), and much smaller than the envelope responses

at the optimal orientation. Even in the cuse 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 atthe onhogonal 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 ofenvelope responses

Direction selectivity has been reported frequently for cortical neurons' responses

to moving bars and gratings Ce.g., Hubei 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 a1so oflen showed a direction preference (Zhou and Baker 1993). The

direction selectivity of envelope responses and luminance gr.lting responses were

compared for the thirty-nine envelope-responsive neurons (Fig.15). The envelope

responses were chosen from the responses to the envelope stimuli atthe neuron's optimal

carrier frequencies (Figs.3-6) and the luminance grating responses were chosen from the

same neurons' responses to luminance grating stimuli at their optimal spatial frequencies.

The direction selectivity index (OSI) was calculated as (P-N)/(P+N-2S), 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 S was the spontaneous response.

Fig.15 plots the OSI 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 OSI, 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 scaltering widely arOt::,d the equality line (soUd Une). Thus

the envelope responses have the same direction selectivity as the luminance responses,

although the degree of correlation between the two is not significan!.
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DISCUSSION

This investigation has demonstmted th,1l many neurons in cat areas 17 and 18 clin

respond to envelope stimuli that have no Fourier components falling inside a given cell's

selective range of conventionalluminance spatial frequencies (Figs.3-6). The assumnce

of delivering such stimuli without artifact is confimled 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 10

eliminate me envelope stimulus while keeping any possible distortion product

unallenuated (Fig.8). The results l'rom allthese control experiments unanimously indicute

thatthe slight distortion product l'rom the CRT does not contribute significantly to the

envelope responses. In addition to these control experimems, the spatial properties of

envelope responses (Zhou und Baker 1993; succeeding paper) are inconsistent with a

screen distortion producl contribution to the envelope responses.

Relationship ta previous studies using envelope stimuli

A previous study in the primary visual cortex of both cal and monkey (Albrechl

and De Valois 1981) did nol find neural responses 10 envelope stimuli when ail the

stimulus Fourier componenls were oUlside of lhe cell's spatial frequency selective range.

There are two major reasons for me apparent discrepancy between lheir results and ours.

First, their envelope stimuli had a fixed 1:5 ratio for envelope and carrier spatial

frequency. This study showed thatthe envelope responses for a given neuron are entirely

dependent on the carrier spatial frequency falling within a very llaITOW range. The

optimal carrier spatial frequency varies l'rom less lhan 5 to more man 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
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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 pcrcentage of envelope-responsive cells in area 17 is relatively low compared

to 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 stalislical procedure for classification ofenvelope-responsive cells

ln this study, the estinmte of variance of spontaneous activity was averaged across

the population of neurons. The validity of this approach relies on two assumptions. The

first is thatthe variance of the neuronal responses is proportionalto the mean spike rate,

regardless of celltype. This assumption is satisfied by the data (Fig. lOB) and previous

reports using moving gratings (Tolhurst et al. 1981, 1983). A number ofrandom spiking

processes can simulate this proportional variance property, such as a Poisson process

(variance equalto 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 fOOt

transform of the data makes the variance uniform with increasing mean value (Fig. 1OA).

For a particular mndom process, the variance from the regression analysis of the square­

root transformed data (Fig.IOA) 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 assumption 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-fOOt transformed spike rate is the same for every ccll, 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
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carrier response and the spontaneous activity provides the mean variance averaged across

the population of cells. The subsequent statisticaltest of the significance of a given

envelope response after the squure-root transform is based on this meun variance.

However, replacing a direct estinmte of the variunce for each cell with the mean vurillnce

might misplace sorne cells on the distribution histogrnm of NERS, such that cells hllving

a variance larger than the average will have an infIated NERS, and vice versa. As li result

of this misplacement, the separation between envelope-responsive und non-envelope­

responsive cells would become less obvious. in other words, the vulley at 2 to 3 in the

NERS distribution (Fi~!.lOB) might be more clear if the variance for each cclllmd been

estimated individually. Thus to avoid mis-classifying cells as envclope responsive, a

conservative criterion is used in this stuuy, with the risk of missing a few envelope­

responsive cells.

An alternative statistical rnethod of comparing envelope responses with

spontaneous activity wouId 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 estimaled number ofenvelope-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 experimentaltests, and even detectable by
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listening to the spike events l'rom the audio monitor; the statistical procedure serves

largely to provide an objecti' e criterion to classify cells, and to help address the question

whether thcre arc two cutegorical types or a continuum of envelope-responsiveness. The

steep valley in the distribution density near 2.5 on the nommlized 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 distriblllion histogram

(Fig. 1OB). If ail the NERSs of non-envelope-responsive cells are l'rom envelope

responses that are similar tothe spontaneous activity, the distribution of NERS below 2.5

should follow at-distribution with 93 degrees of freedom. The existence of this peak at

1.5 violates the assumption of at-distribution, suggesting a heterogeneous composition of

non-envelope-responsive cells. Nineteen ceIls are inc1uded in this peak, without

significant bias between the cortical areas and/or cell classes (2 area 17 simple, 6 area 17

complex,7 area 18 simple, and 4 area 18 complex cells). This peak may contain sorne

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 tempoml modulation in their envelope responses following

the tcmpoml cycles of the stimulus. Altematively, il is possible that sorne of the ceIls in

this peak were extremely contrast-sensitive and produced near-threshold responses to the

tiny residual CRT distortion product l'rom the envelope stimuli. If these two reasons are

the cause for this peak, the neurons in this peak should be classified as non-envelope­

responsive, because their contribution to behavioral envelope detection is likely to be

minimal.

Il is also possible that the peak at 1.5 is composed of sorne envelope-responsive

cells whose small responses may result l'rom sorne imperfection of this ~tudy. One

possible source of imperfections may be the method of using mean spike rate as the

measurement for response strength. For sorne simple cells, the first hannonic responses to
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the temporal cycle of the stimulus might capture the responsiveness to the envelope

stimuli better than the me.lU spike rate over the stimulus period. One 'lrea 18 simple ccli

showed strong first hannonic responses to the envelope stimuli, whereas its mean tiring

rate was not significalllly elevateù by the envelope stimuli, i.e. its NERS was only 1.65.

A second possible source of imperfection may result fromusing an envelope spatial

frequency inside the cell's luminance passbanù for the stimulus protocol of exploring

envelope-responsive ceIls (see the first paragraph in Resuh). The succeeùing papel' will

show that the optimal envelope spatial frequencies in many eclls are lower than the ecll's

optimal luminance spatial frequencies. Due to the resolution limit of the gr.lphics carù

(the luminance profile of stimuli was proùuceù on a 256 pixel-long look-up-table), il was

impossible to generate envelope stimuli with spatial frelluencies much lower than most

celIs' luminance passbands. This study would tend to miss those envelope-responsive

celIs, if they existed, whose envelope spatial frequency dependences were much lower

than the celI's luminance passband; using an envelope spatial frequency inside the cell's

luminance passband might only elicit a near-lhreshold envelope-response for these eells.

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 ceUs (see Fig.7A and B in the

succeeding paper); it is possible sorne celIs 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

celIs.
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"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.l3A),

the preferred stimulus orientation (Fig.14), and the preferred direction of stimulus motion

(Fig.15). These similarities betwccn envelope and luminance responses suggestthatthe

direction of motion, the stimulus orientation, and the temporal modulation of stimuli are

functionally import:lnt features thm are "labeled" in the neuml responses, regardless of

the stimulus composition. Such an assertion of labeled-neuml 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

statïonary mr.lÏom brightldark bars as the "carrier" (Albright 1992), or neural responses in

cat areas l7 and 18, or primate V1 and V2 to anomalous contours produced by abutting

g!.ltings (Redies et al. 1986; von der Heydt and Peterhans 1989; Grosof et al. 1992).

Consistent with the envelope responses in this study, a11 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 lllld neurophysiology into a logically coherent
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understanding that early ViSU'll processing perl'onns patch-wise spatial l'requency

decomposition on retinal images, a l'unction that can be sutlïciently moùeleù by linear

filters (Robson 1980; Pollen and Ronner 19H3; Shapley and Lennie 1985; De Valois and

De Valois 1988). On the psychophysics side, such a view is supported by spatial

frequency-selective adaptation und masking studies, which led to the sputiul l'requcncy

"channel" theory (Bruddick et ul. 1978; Puntle und Sekuler 1968; Campbell und Robson

1968; Blukemore et ul. 1969, 1973; Legge und Foley 1980). On the ncurophysiologieal

side, single neurons in the primury visuul cortex of both monkey und cat have bccn

understood as neural filters, decomposing rctinal images into narrow rangcs of IOCll1

spatial frequencies (Movshon et al. 1978a,b,c; Pollen und Ronncr 1982, 1983).

Application of this local spatial frcquency decomposition idea has also been succcssfui in

computational modeling of many low-level visual l'unctions, such as motion (Adclson

and Bergen 1985; van Santen and Sperling 1985; Watson and Ahumada 1985) and

stereopsis (Marr and Poggio 1979; Poggio and Poggio 1984; Ohzuwa ct ul. 1990;

DeAngelis etaI. 1991; Bluke und Wilson 1991).

However, it is important 10 reulize a limitUlion of such u putch-wise spatiul

frequency filtering scheme: it only describes how luminunce vuriutions ure decomposed

and represented in the early visuul processing. On the other hund, many perceptualtusks

cannot be achieved by analyzing only the luminance variations, such as detecting

occlusion boundaries, discriminating luminance variations due to changes in surface

or,entation (shading) l'rom changes in surface material (reflectance), and differentiating

shadows from objects (Adelson and Pentland 1991; Sinha and Adelson 1993). These

perceptualtasks are conducted preallentively, 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 perceptualtasks

would have to be at a higher corticallevel.
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This paper demonstrates that sorne ~triate and circumstriate conex neurons do

respond to envelope stimuli even though none of their Fourier components full inside the

luminant;e passband of the cel!. This finding raises the possibility that sorne of the

perceptual tasks mentioned above Illay be processed at a low conical leve!.

The following paper will provide evidence that the lInderlying nonlinear

mechanism for the envelope responses reqllires a sepanne processing stream in the

receptive field organization. In other words, the qllasi-linear filter model should be

slipplemented with anOlher, pUrJllel process to modelthese envelope-responsive cells.
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Footnotes

[1] Quasi-linear filter here means the tïlter is not strictly linear; however, the nonlinearity

involved does not produce responses 10 Fourier components outsiùe of the lïlter's

passband delïned by the lïlter's responses to single sine-wave gratings. An extensive

discussion can be found in Baker anù Boulton (1993)
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• Appcndix

The gamma distribution function is defined as:
a-) -x/~

p(x) = x~a ;(0.) for o., ~, x ~ 0,

72

or p(x)=O, for x < O.

•

The mean or the expected value i~

E(x) =a.~,

and the variance is

Thus the proportionality coefficient is ~.

After a square root tr.tnsformation on the data (y=-.JX), the distribution becomes:
dx 2 2ya e-Y/~

g(y) = p(x) -- = p(y ) 2y = =<-'--"-
dy ~a r(a.)

Il can be derived thm the mean of g(y) is:

E( ) {i3 r(a.+ 1/2).
Y r(a.)

According to Stitl;ng's approximation equation for f-functions with positive rea1 variable

(o.):

and the variance of g(y) is
1

cr~ =a.~ - E2(y) = ~ a. (1-[I+I/(2a.)Pa. é 1+6al2a+l)1 )

The parI, a.(} in cr~, can be weil approximated by a sum of three exponentia1 functions,

such that:

cr~ = ~ (1 - e-3.09all.16 - e-a /2.08/8.33 _e-a /16.4/54.1).

From the regression analysis in fïg.lOA, cr~=O.132; thus the proportionality

coefficient ~=O.528 when a. > 3.
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• Table.l Coefficients for the four curve-fits in Fig.2A. and their estimated mean

82

equivalent contrast (EMEC) of the distortion product. averaged over the carrier spatial

frequency con 1l1ons.

LI L2 L3 L4

KO lI4.9±0.18 lI5.9±0.11 119.9±0.11 120.5±0.14

KI (xlO-2) 80.\±0.41 81.3±0.23 82.0±0.25 82.\±0.30

K2 (xI04 ) 1.38±0.24 I.88±0.\4 0.92±0.15 -0.\ \±0.18

K3 (xlO-6) -7.8±0.37 -8.5±0.21 -8.9±0.23 -9.4±0.27

EMEC(%) 0.29 0.44 0.16 0.34

The filled pdynomial was:

f(x)=KO + KI *(x-127) + K2*(x-127)2 + K2*(x-127)3

•
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Figure Legends

FIG.I Spatially one dimensiona! envelope stimuli. A: the !umin,l1lœ prolïle of a stimulus

at a given time. B: the space-time inlensity plot of the stimulus: gmy level indicates the

luminance al a given ,>patial position (abscissa) and time (onlimlle). Inthis example. the

contrast envelope moves leflward while lhe carrier remains stationary. C: the power

spectrum of the stimulus; symmetrie left-side quadmnts are omitted. Three Fourier

components (solid cireles) are in the spectrum, blllno Fourier component is at the

envelope spatiotemporal frequency (open circle). The IHltched area indieates the neuron's

frequency-selective range for conventionalluminance grmings. The temporal frelJuency

of the drifting envelope was set to the neuron's optimal value for a drifting luminance

grating ift).

FIG.2 A: luminance response of the Joyce display screen. The abscissa inùi~ates the

digital value in the look-up-table of the graphies cardo and the ordinale is the

corresponding luminance value of the screen. Four sets of 52 measurements are shown

(dots) with polynomial curve-fits (solid lines). For clarily of illuslmtion. three data sets

are horizontally offset in increments of 32. Four polynomiallerrns were suftïcienl for

each fit (Fitting function: f(x)=KO+K! *(x-127)+K2*(x-!27)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 pholometer. (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 ccli in area 17. Only the responses to the

preferred direction of the stimulus motion are illustrateù. A: the sp.nial frequency

dependence for the luminance response (circles) .md the carrier spatial frequency

dependence for the envelope response (triangles). The responses \Vere measureli as me'ln

spike rates. The ellvelope spatial frequency \Vas sel at 0.32 cycles per degree (cpd), and

the temporal frequency \Vas at 2.5 Hz for both envclope and luminance stimuli. The

stimulus contrast was 77% for allthe stimuli in this SlUÙY, unless specifically indicated.

The optimal envelope response occurreù at a carrier spatial frequency of about 2.7 cpù.

No spontaneous discharge and responses III carrier grating stimuli (ùrifting luminance

gratings at the carrier spatial frequencies used in the envclope stimuli) wen: recorued. B:

post-stimulus lime histograms (PSTHs) of envelope responses and luminance responses

(bin width =25 msec). The sine-wave at the bonom depicls 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 gmting at the spatial frequency (fL) equal to the envelope's, while the others

illustrate the responses to envelope stimuli at various carrier spatial frequencies (fcl.

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 activily and carrier responses in this

cell. A: the spatial frequency dependence for the luminance response (circIes) and the

carrier spatial frequency dependence for the envelope response (triangles). The

spontaneous activity is subtracted from the data ploued. and the carrier responses are

S·l
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illustrated by the continuous curve with open cirdes bdow the envelope response curve.

The envelope spatial frequency was set at 0.15 cpd, and the temporal frequency was at

2.5 Hz for ail the stimuli. Significant envelope response is observed at around 2.2 cpd

carrier spatial frequency, in contrast with the very smail carrier responses. B: PSTHs for

envelope responses, luminance grating responses, carrier responses, and sjJontaneous

activity (bin width = 25 msec). The PSTHs in the right side of the lower panel shows th:l

carrier responses and spontaneous activity. Notice the similarity among the carrier

response at.d spontaneous activity histogral11s, whereas the envelope responses (left side

hislograms) are c1early larger and temporally modulated by the stimulus cycles. (Each

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

FIG.5 Envelope responses for a 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 nottemporally 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.)

F!G.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 allthe envelope

stimuli, and the optimal carrier frequency is around 1.5 cpd. Notice in this cellthatthe

envelope responses were almost as large as the responses to luminance gratings. (Each

stimulus block lasted 4.8 sec. Two blocks were lested for the luminance gratings, and

three for other stimulus conditions.)
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FIG.? Comparison of envelope responses \Vith luminance grating responses at three

different contf"Jsts on an area 18 complex cell. A: spatial frequency depend"nce. The

abscissa indicates the spatial frequencies for the luminance gralings, or the envclope

s;:>atial frequencies for the envelope stimuli. The carrier spatial frequency for Ihe cnve\opc

stimuli is at the cell's optimal (1.5 cpd). Notice the enve\ope responses (triangles) arc

even larger than the luminance responses at 3% contras!. The spontaneous activity has

been subtracted l'rom each plotted response. B: PSTHs of luminance and enve\opc

responses at spatial frequency of 0.13 cpd. (Binwidth = 6.25 mscc; tcmporul

frequency=2.S Hz. Each stimulus block lasted 4.8 sec. Two blocks \Vere tested for the

luminance gmtings at 77% contrust, four blocks for the luminance grutings at 0.6%, and

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

FIG.8 A: spatial frequency trunsfer function of the diffusing sheet for contrust (triangles)

and mean luminance (circles). B,C,D: envelope responses for three arca 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 Band C. the envelope response

was also measured with a 0.3 log unit neutral density filler in front of the tested eye

(squares). The spontaneous activity has been subtracted from each rcsponse. (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 Band 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

ccli in A and two contrasts for the cell in B. The carrier responses are plotted with open

circles for reference. (The envelope spatial frequency was 0.21 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.)
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FIG.1O A: comparison of carrier graling 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 analy~is (solid line) is perforrned on the square

roottransformed data. B: the distribution histogram of neurons for the norrnalized

envelope-responsive seure (NERS); the bin widlh is 0.25. The NERS is calculated for

each cell as [,1Env - ~Max(Spun,Carr)} / SD, where SD is the standard deviation of

(..J Spon-..J Carr). A cell is classified as "envelope-responsive" when its NERS is larger

than 2.5 (indicated by a dashed line).

FIG.II A: Distribution of EnvelQpe-responsivé cells in area 17 and 18 for simple and

complex types. The solid histogram bars are for the number of envelope-responsive ceUs,

whereas the open histogram bars are for the total number of ceUs sampled. The

percentages on the top of the bars indicate the percentage of envelope-responsive ceUs in

each group. B: Scanerplot of cells' uptimalluminance spatial frequencies and retinal

eccentricities. Bach data point represents a ceU, with different symbols indicating the ceU

type and cortical area (The abbreviations in the insened legend box are: "Env." for

envelope-responsive cells, and "non-Env." fur non-envelope-responsive ceUs; ":'.17" for

area 17 cells, and "AI8" for area 18 cells; "s" for simple type ceUs, and "C" forcomplex

type cells). The line marked as "Acuity" is the averaged eut-off spatial frequency for X­

type retinal ganglion ceUs replOlted from Cieland et al. (1979), and the dashed lines of

Acuity/IO 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 cclI. Both

envelope responses and luminance responses are those atthe cell's optimal stimulus
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conditions, i.e. optimal carrier spatial frequencies for the envelope rcsponses. optimal

luminance spatial frequency for the luminance responses. and movement in the prcferrcd

direction. The spontaneous activity has been subtracted. The unit)" 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 reèerence.

FIG.13 A: comparison of response modulation produced by envelope stimuli and

luminance grating stimuli, in cells c1assified as envelope-n~sponsive. The ACIDC scores

of both envelope responses and luminance grating responses are calculated for every

envelope-responsive cell, according to Skottun et al.'s (1991) relative modulation depth of

PSTHs used in classifying simple and complex cclls. Each data point represents one ccli.

B: a polar plot of the temporal phase lag of the envelope rcsponses in comparison to the

luminance grating responses. Each data point represents one ccli, and the phase lag is

expressed by the angle of each plotted point. The same spatiotemporal frcquencies were

used for envelope and luminance grating stimuli. A negative phase differcnce 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 ACIDC ratios larger than 0.7 for both the envelope responses and

luminance responses.

FIG.I4 Orientation selectivity of envelope responses from four envelope-rcsponsive

cells. The dependences of the envelope responses on carrier spatial frequency are

ilIustrated for two orientations (optimal in triangles and orthogonal ta optimal in squares)

in each plol. 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 sclectivity between envelope

responses and luminance responses, for envelope-responsive cells. The direction selective

index is calculated as (P-N}/(P+N-2S), in which Pis the response to the stimulus moving

10 preferred direction, N is the response to the null direction, and S is the spontaneous

aClivity. Each datu point represents one envelope-responsive cell. Both envelope

responses :ind luminunce responses ure mken from those atthe cell's optimul stimulus

conditions, i.e. optimul currier sputiul frequencies for the envelope responses u::,~ '. ;>timul

luminance spatial frequency for the luminance responses. The dashed line divides the plot

space in two halves; the upper half indicutes the preferred direction is the sume 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 couId respond

to envelope stimuli whose Fourier components fell outside the cell's spatial frequency

selective range. The spatial propenies of such envelope responses \Vere investigated here

to explore the underlying receptive field mechanism.

2. Three major spatial properties of envelope responses \Vere found. Firstly, the envelope

responses were selective to the carrier sp'llial frequency in a narro\V range of frequencîes

higher than a given cell's lumimmce spatial frequency selective range (luminance pass­

band). Secondly, a given cell's dependence on envelope spatial freqllcncy often diffcred

from its luminance pass-band. Lastly, the optimal carrier spatial freqllcncy dependencc

did not shift systematically with the envelope spatial frequcncy, supporting thc

hypothesis that the carrier and envelope spatial frequency dependenccs were mediated by

distinct mechanisms.

3. In contrast to the direction selectivity to the envelope motion in many envelopc­

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 carricr and envelope

temporal properties were mediated by separate mechanisms.

4. The distributions of the optimal carrier and luminance spatial frequencies among

envelope-responsive ceUs were analyzed. The optimal carrier spatial frequency ranged

from five times the ceU's optimal luminance spatial frequency to the upper resolution

limit of the X-retinal ganglion ceUs at the same retinal eccentricity.
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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 mnges of

high-spatial-frequency; an intensive nonlinear transform; and a hile direction-selective

spatial filler preferring low spatial frequencies. Computer simulation indicated that the

carrier and the envelope spmial 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 (\ 975), which uses the same filter (late filter) to provide spatial frequency

selectivity for luminance responses and to extmct the envelope component produced by

the nonlinearity after the early filter. The other is a "two-stream" model, which has

sepamte filters for luminance processing and extracting the envelope component after the

envelope processing nonlinearity. Thus the envelope and luminance processes are

completely sepamte in the two-stream mode\.

7. In conclusion, this study indicates that any nonlinearity, which is common to aIl visual

stimuli before narrow-band spmial-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 traditionalluminance 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 indicme a rich variety of possible integration between luminance and
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envelope infonnution.
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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 undcrlying mechanism of neural responses. Single

ncurons 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). Funhermore, 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 weIl suited to modeling such a localized

frequency decomposition of retinalluminance variations.

However, such a linear-filter scheme has been challenged by findings that neurons

can respond to stimulus attributes withoUl 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 ilS contrast modulated by a low-spatial-frequency sine­

wave (envelope), the preceding paper (Zhou and Baker submitted) demonstrated that

sorne neurons responded to the envelope even though aIl the Fourier components in the

stimuli were well oUlside 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 tempoml modulation in the responses following the temporal

cycles of the stimuli, and the preferred orientation of the stimuli. However, the stimuli
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contained no Fourier component at the envelope spatiotemporal frequency; the existl'nce

of such envelope responses poinls om the neeù 10 revise the contemporary underslallllin~

of early conical processing as linear, local spatial frequency tïltcring.

The envelope stimuli useù in this investigation possess considerable analytical

power for elucidating the unùerlying mechanism of the envelope responses, dne to their

simplicity in the Fourier frequency ùomain. There are only threc frequcncy componcnts:

a carrier component at the carrier spatiotemporal frequency, a low sille-bailli at the carrier

minus envelope frequency, and a high side-banù at the carrier plus envclope l'requeney.

The envelope stimuli are also band-limiteù; when the carrier anù envclope spatial

frequency are very dil'ferent, the three Fourier cG.nponents are constraineù 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 ùomain provideù a

clear separation of neural responses tu envelope patterns l'rom those 10 the luminance

Fourier components in the envelope stimuli, such that neurons responded significantly to

the envelope pattern but negligibly to the frequency components in the stimuli. In Ihis

paper, the band-limited nature of envelope stimuli will serve as an analytical tocl to

explore the underlying mechanism of the neural envelope responses. Three spatial

propenies of envelope responses will be reported: 1) the envelope responses ùepend 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 sputial 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 compared with their optimal

luminance spatial frequencies.
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Two "separate-strealll" reeeptive field Illodels arc proposed. highlighting the

fundalllentai differencc between envclope responses and responses to luminance-defined

gratings; a simple modification of the linear filter seheme. such as <tdding an early

nonlinearity. eannot 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

neurophysiologieal sludies .
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Methods

Methods of surgieal 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 nommlized envelope response score (NERS) was calculated for a

given envelope response as (-V Env - -V Max(Spon,Carr)) / SD, where Ellv was the

envelope response, Span the spontaneous response, Carr the carrier grating response, and

SD (=0.36) the estimated standard deviation of the square-root transfomled spontaneous

aetivity. The envelope response was considered as signifieant if its NERS was larger than

2.5. A similar statistical procedure was used to determine the significance of a neuron's

response to a eontrast-reversing grating at the carrier spatial frequency. A nomlalized

response score (NRS) was ealculated for a given contrast-reversing grating response as

(-vRSP - -V Spon) / SD, in whieh RSP was the contrast-reversing grating response, and

Span and SD the spontaneous response and its estimated standard deviation (=0.36) al'ter

the square roottransforrn as in the NERS. Similarly, the response to the contrast­

reversing grating was eonsidered signifieant only when its NRS was larger than 2.5.

The computer simulation of the spatial properties of the envelope-responsive

model was eondueted on a Macintosh IIci, using Igor graphing and data analysis software

(WaveMetries Ine.).
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Results

Ninety-four cells from areas 17 and 18 were studied with both envelope and

luminance gmting 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 spatialfrequene)'

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 tu envelopes whenever

the Fourier components of the envelope stimuli were ail outside of the cell's luminance

spatial frequency tuning mnge. For envelope-responsive cells. significant envelope

responses were observed in contrast to the negligible carrier responses.

The data presented in Fig.1 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 illustruted 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 frequency of each. The

solid lines and symbols indicate responses 10 stimulus motion in lhe same direction as the

cell's preferred direction for luminance gratings, and the dashed lines and open symbols

are for the non-preferred direction. Signilkant envelope responses (u'iangles) 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 oceupies a

range of spatial frequency much higher than the cell's luminance frequency tuning rtInge

(luminance pass-band). With the exception of only one cell, the IWO 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 c1early oUlside 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 optimal 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 spontaneous activity.

The discovery of non-Fourier envelope responses may be reconciled with

previous findings l'rom 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 wouId have rarely fallen

inside the cells' carrier spatial frequency pass-bands for envelope responses. In the case of

envelope stimuli, an inleresting 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 olltside. Because the low side-band is moving in

the opposite direction of the cnvclope paltem, the component responses predict that the

neuron's preferred direction tu the envc10pe motion should be the opposite of its preferred

direction to the single luminance grating stimuli.

Forty-cight cells (including 17 envclope-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, inc1uding 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 !eft panel uses the same conventions as Fig. 1 to show

three types of responses: luminance responses (circ1es), 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 (8) 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

115



•

•

presumably due ta the contr~st of the low siùe-banù being four times lower than that of

the luminance grating at A. In the right column of the right panels lA' anù D), the

temporal modulations of the envelope responses in D were compareù with those of

luminance responses at the spatial frequency of the low siùe-band A'. In this ccli, the low

side-band of the envelope stimulus (condition D) W'1S the same as A in spatial frequency,

but advanced by quadrature spatial phase anù smaller in contrast (one fourth of that of

A)[!]. Despite these differences, D and A' (the quadrature phase shi ft of A) were similar

in temporal phase and degree of temporal modul:ltion, indicating the major contribution

from the low-side-band componelll response 10 the envelope response atthe condition D.

The above results indicate the existence of two fundamentally different types of

response ta envelope stimuli: responses to luminance componellls in the stimuli when the

carrier spatial frequency is inside or atthe 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 ta the envelope

pattern.

Unlike other envelope-responsive cells, Fig.3 illustr~tes the only cell in this

sample having overlapping luminance and carrier spatial freq uency tuning ranges; no

spatial frequencies between the two tuning ranges were observed ta 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 ta envelope stimuli may be a combination of the responses to the envelope

pattern and the responses ta 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, despile the cell's direction selectivity to bath

envelope and luminance stimuli altheir optimal spatial frequency conditions (tags A and
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B). Because the low side-band component (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 10 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 wouId be difficultto explain if only the

responses to the envelope pattern. or to Fourier components. were considered in

interpreting the non-direction selective envelope responses atthis spatial frequency

condition.

Dependence on envelope spatîalfrequency

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. FigA 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 illusttating the difference in frequency dependences, the

envelope and luminance responses are separately norrnalized 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 sorne cells (n=8), the two tuning
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ranges differed greatly, as in Fig.4A-D; the envelope spathll frelluency tuning ranges

were lower than, but overlapping with, the range of the cell's luminance spatial frelluency

lUning. For other cells (n=6), the relation between the two tuning curves varied ~ '(lm

almostthe same (n=2; Fig.4F) to slightly different, such that the envelope spatiul

frequency tuning range included the luminance pass-bal1l1 but extended further to lower

spatial frelluencies (Fig.4E). No cells were found to respond bener lU higher cnvelope

spatial frequencies than to luminance spatial frelluencies.

The envelope spatial frequency tuning curves appeared low-pass in six ceIls

(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 lUning

would l'ail off at lower frequencies. However, the contrJst-reversing luminance grating

stimuli at the carrier spatial frequencies were used to examine if cells couId respond to

zero envelope spatial frequency [21. Sixteen neurons[3l, comprised of three area 17

envelope-responsive complex cells, seven area 18 simple cells (including four envelope­

responsive cells), and six area 18 complex ceUs (including three envelope-responsive

ceIls) were tested with contrast-reversing grating stimuli at various spatial frequencies

and five spatial phases (0, re/S, 2re/5, 3re/5, 4re/5). Except for two area 18 simple ceUs, no

significant responses (see method section for the "NRS" statistical procedure) were

observed for the contrast-reversing gratings when their spatial frequencies l'cIl outside of

the ceIl'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 live

spatial phases for each spatial frequency condition, are compared with the cell's envelope

responses (triangles). The luminance responses (open circles) are ploned for comparison

to the ceIl'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 spalial frequencies of the envelope stimuli, to provide an

estimate of the neuron's responses to the components in the envelope stimuli (see Fig.lOA

of the preceding paper). [n this case, the luminance grating stimuli were randomly

interleaved with the envelope stimulus conditions. Figs.5A-D show typical examples for

the majority of cens. The conlrast-reversal grating responses are negligible and not

different from the luminance grating n:sponses al the carrier spatial frequencies, in

contrast with the signiticant envelope responses.

Two exceplional cells are illustraleù in Figs.5E and F. One was envelope­

responsive (Fig.5E), and showeù sman responses to the contrast-reversing gmting at the

spatial frequency of the optimal carrier for the envelope responses. In agreement with

Ferster and Jagadeesh's observation (1991), this response was al the second harmonic of

the temporal modulation, ùemonstrating a resiùual response at zero envelope spatial

frequency. The other cen was non-envelope-responsive (Fig.5F). Its responses to the

contrast-reversing gratings were contributed by an elevation of the mean spiking rate

without producing significant temporal modulation. Both cens did not show systematic

variations in responses to the five spatial phases of the contrast reversai gratings. The

existence ofthese two cens with high-frequency contrast-reversing grating responses

implied that the shape of the envelope spatial frequency dependence for sorne cells was

low-pass.

Separability ofenvelope and carrier sparialfrequency dependences

The above results have indicated how envelope responses depended on carrier and

envelope spatial frequencies for a given cen. 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 (l

area 17 simple cen, 2 area 17 complex, 3 area 18 simple, and 8 area 18 complex cens)

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 represenlative cells. The luminancc

responses (circles) are graphed to provide a reference for the lumin'lIlcc spatial frequeney

pass-band of the cells. The insel box for each graph indicates the envelope spatial

frequencies and their symbols. Responses to stimuli moving in the preferred direction of

the cells are plolled 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 cells for each of the three combinations: area 17 complex.

area 18 simple, and area 18 complex. Notice that in ellch Cllse the selective range of

carrier spatial frequency does not shift for different envelope splltilll frequencies and Ihe

shapes of the carrier frequency tunings generally agree with ellch Olher. Fig.6H shows lin

exceptional cell, whose datllllre in the poorest agreement with the separable dependencc

hypothesis; the carrier spatial frequency dependences at envelope spatilll frequencies of

0.1 cpd and 0.25 cpd do not fall off at Ihe high spatial frequency, unlike the carrier

frequency dependence at 0.15 cpd envelope splltilll frequency. Even for this cell, the

selective ranges of carrier spatial frequency under different envelope splltial frequencies

large1y overlap. Aside from this exceptional case, the hypothesis of separate dependences

of envelope responses on envelope and carrier spatial frequencies is generally supported

by the data from most neurons tested.

The separable carrier and envelope spatial frequency dependences suggestlhey

are mediated by separate mechanisms. Because the two frequency dependences differ

greatly in their spatial frequency selective ranges, the suspected mechllnism 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 couId be a process pooling the responses from these envelope­

responsive subunits.
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Direcrion selecriYiry for carrier morio/!

Ali experiments described so far have 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 enve10pe

motion), or whether the moving carrier facililates 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 severallemporal frequencies. Both directions of

envelope motion were tested for alllhe moving carrier conditions. The carrier spatial

frequencies of the stimuli were set al the cell's optimal.

Fig.7 i!lustrates 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 te decline (Fig.7C). Most importantly, the direction of carrier

motion dues not alter the direction preference of the responses to envelope motion.
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Fig.7D shows an exceptional cell which has a directional bias for the carrier motion lit li

carriertemporal frequency of I.25Hz. This cell nlso shows nn lInllsllnl fentllre of redllced

or slightly reversed directionni bins for envelope motion with the cnrrier moving in the

cell's non-preferred direction nt D.6Hz. Even for this cell, the general trend of the

envelope responses over the cnrrier temporal freqllency is consistent for the two

directions of the carrier motion.

The lack of internction between direction selectivity of envelope tll1d cnrrier

motion further supports the hypothesis that the envelope responses nre medinted by two

mechanisms: envelope-responsive subunits thnt detemline the cnrrier spntiotemporul

properties and a late pooling mechnnism that detemlines the envelope spntiotemporal

properties. The decline of envelope responses nt high cnrrier temporul freqllency (Fig.7C)

suggests an upper limit of the subunits' temporul pnss-band.

Population Distribution ofoptimal luminance and carrier spatialfrequencies

The above resuIts show the spntial properties of envelope responses at a single­

cellleveI. 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 n given cell? ln 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 rntio, implying a certain composition rule for the

envelope responsive mechanism? Or do sorne 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 luminance (diamonds and asterisks) spatial frequencies againstthe retinal
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eccentricities of thc ccll's reccptive fields. The solid line rcpresents an cstimate of the

cat's visual acuity, based on the average of the cut-off spatial frequcncies of X-rctinal

ganglion cells along the verticalmcridian 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 ceUs 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 ceUs' 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 aU the cells at one eccentricity, nor a chamcteristic ratio between the optimal carrier

and luminance spatial frequencies across the population of envelope-responsive ceUs.

Rather, the optimal carrier spatial frequencies have an upper-bound of the visual acuity

limit and a lower-bound somewhat above the ceU'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 ceU is randomly distributed within a range bounded by

sorne 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 to optimal luminance spatial frequency

(dashed line), consistent with the proposcd hypothesis.

This hypothesis is further supponed by a l]ualllitative assessment Ihat compares

the distributions of the optimal carrkr/luminance sp'Hial frequency r:ltio between the d'Ha

and the prediction. The optimal carrier spatial frequencies of ail 39 envelope-responsivc

ceUs were reca\culated und mndomly selected l'rom 5 times the ceIl's optimal spatial

frequency to the upper physiological "cuitY(the upper dashed line in Fig.Il). Wilh 1(){)

repetitions of this rec,,\culation, "n estim"ted distribution of the optim"l currier/lumimlilce

spatial frequency mtio wus oblllined. Fig.9C indicates th"t this estim"ted distribution

(solid squllTes with error b"rs) corresponds weIl with the physiologic"lme"surements

(histogram bars).

An alternative hypothesis for the distributions of optimal c"rrier spati"l frequency

may be that the distribution is random and h"s an upper-bound of the visu"l "cuily limit

and a lower-bound of a certain fmction of visu,,1 "cuitY(Fig.Il). Howevcr, this hypothesis

will produce the possibility th"t some neurons have lheir optimal c"rricr 10 luminance

spatial frequency ratio less than 5. For ex"mple, for the area 17 cell \Vith Îls oplim.tl

luminance frequency at 0.4 cpd and eccentricity of 14 degree (the diamond in Fig.8

marked by an arrow), its optim,,1 carrier spatial frequency is up on the acuÎly line (Ihe

circle with an arrow in Fig.8). If this hypothesis were true, Ihe oplim"l carrier spmial

frequency might be al 0.7 cpd (the cross with "n arrow in Fig.8) thm is Icss th"n two lime

of the optimal luminance spatial frequency for this ccII, a result thal violates Il,e data from

Figs.9B and C.

In conclusion, the distributions of the optimal carrier and oplimal1uminance

spatial frequencies are each very scaltered, and not closely related 10 each other. (nstead,

the optimal carrier spatial frequencies for single envelope-responsive cells appear 10 be

randomly distributed from "bout live times the optimalluminancc spmial frequency 10

the upper limit of the physiologic"l "cuitYof the c"t.
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Models

The finding of cnwlope rcsponses in area 17 and 18 neurons challenges the

contemporary linear-lïIter rcccptivc field models for neurons in early visual cortex.

Nonlinearity has to be incorporated il1lo receptive field models to explain the envelope

responses and their spatial properties. The following studies explore the simplest

receptive field models for envelope-responsive cells that explain both the spatial

properties of the envelope and the luminance grating responses. To simplify the analysis,

the componcnts of the models are only Iincar lïIters and poilllwise nonlinearities[4].

Fig.lO illustmtes four possible 1l10dels. 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.lOA), ail 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 nOl produce the

narrow carrier-spatial-frequency-dependence observed in envelope-responsive neurons

(Figs.I-3). AIso, this model predicts an identical spatial frequency selective range for

both envelope and luminance patterns, because bath are processed by the same filter. This

prediction is violated by the lack of correspondence between the envelope and luminance

spatial frequency dependences (FigA).

The model in Fig.l OB 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 l'ail inside its pass-bancl; the following nonlinearity produces a Fourier

component (envelope component) at the envelope spatiotemporal frequency, which is
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then extrJcted by the late filter. ln this model. the narrolV carrier spati:II frequency

dependence and the lack of direction preference to carrier motion are qualitatively

detennined by the frequency selectivity and the non-directionality of the carly tiher,

white the late filter produces the envelope spatial frequency depemlence :md envelope

direction selectivity. This model predicts that the carrier and envelope spatial frequcncy

dependences are separable, and that carrier motion does not revcrse thc direction

preference for envelope motion, in agreement with the ncurophysiological data (Figs.6

and 7). However, this model cannot simuhaneously explain luminance grating responscs.

Because the early and late tiher p:Iss-bands do not overlap, this mode! docs not respond at

allto conventional luminance grating stimuli.

1'0 also explain neural luminance grating responscs, luminance and envelope

infonnation have to be processed separately. Fig. WC is a "hybrid" model proposcd by

Henning et al (1975), based on their human psychophysical data. The envelope stimuli

are processed by a three-stage computation as in Fig.l OB, whereas the luminance gnning

signaIs 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 Olher hand, the

"two-stream" model in Fig.lOD uses different filters for the luminance processing and the

late envelope filtering. Thus in the two-stream modelthe 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.
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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 demonstmte 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 il is expansive, or

broaden the carrier frequency dependence, if compressive. The nonlinearity may also

produce high-order harmonics of the envelope spatiOlemporal 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 tmnsforrns for envelope responses are squaring and half­

or full-wave rectification. For an envelope stimulus defined as:

y(x,t) = C cos(27t(fex+Olet)+cp) [~+ 10S(27t(fex+Olet)+S)]

in which C is the contrast, fe and feare the carrier and envelope spatial frequency, Ole and

Ole are the carrier and envelope temporal frequency, and cp and S 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 equalto

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 transforrned differently. The half-wave rectification clips ail 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 transforrn of

the positive and negative pans, the mean value averaged over one carrier grating cycle
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will be elevated according 10 the spatiulcmpom\ profile of the stimulus contmst;

consequently, the spatiotemporal pattern of this me'lll valuc follows that of the envclope

modulation, and becomes an envelope component in the Fourier domain of the nonlincar-

transformed envelope stimuli.

Now Iet's generalize this intuitive understanding of how a nonlinearity crellles llll

envelope componenI. An even-symmetric transfortn 1N(y(x,t)} =N (-y(x,t)} 1should

produce the envelope component because of the sign-reversal for negative values in an

envelope stimulus, but an odd-symmetric tmnsform [N(y(x,t)}=-N{ -y(x,t»), e.g.

N{y}=sign(y) i, which can be interpreted as a push-pull pair of oppositely signed hall'-

wave rectification and squaring nonlinearities1will not, because the same intensive

transform is applied on both positive and neglllive values in an envelope stimulus. An

arbitrary nonlinearity can be expressed as a sum of even- and odd-symmetric functions;

only the even-symmetric pan of the nonlinearity is the effective nonlinearity for envelope

response. For example, a half-wave rectification transfortn Cllll be expressed as a sum of a

Iinear transform and a full-wave rectification IN (y) =(y+lyl)/21; only the full-wave

rectification produces an envelope component, notthe odd-symmetric linear function. A

formai praof 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 ail the known biologically plausible pointwise transform

functions, such as half-wave rectification, squaring (Derrington 1990; Heeger 1992), and

polynomial functions.

In the foIIowing 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 fuII-wave rectification followed by an additional transfer

function. Examples of this additionaltransfer function are expansive functions (e.g.

y=x2) and compressive functions (e.g. y={X). Three even-symmetric functions are used

in the foIIowing studies: 1) fuII-wave rectification (f(x)= 1xl); 2) squaring (f(x)=x2,
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equivalent to a full-wave rectification l"ollowed by a squaring, an expansive additional

nonlinearity); and 3) rectified square root (f(x)=-{TJ , 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 detemlined by the

expansive or compressive nature of the additional nonlinearity.

The effecl ofnonlinearity on carrier spatial frequency dependence

The computer simulations were conducted using Igor graphing and data analysis

software (WaveMetties lnc.). 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 harmonie). 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, whieh

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, Il, and

32 as the optimal spatial frequencies of the early filters. The dashed Hnes in Fig. 11

illusttate 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.! lA), liule or no second hamlOnic envelope responses were observed (except for

small second harmonics at carrier spatial frequencies of 2 and 3 for the early filter

cenlered at 4[5]), and the spatial frequency tuning curves of the early fiIters and the
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envelope responses agreed very weil. Adding an additionalnonlinearity after the ful1­

wave rectification (Fig. 11Band C) produced second harmonies 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. 11Cl.

Sharpening of a spatial frequency tuning function by an expansive nonlincarity

has been proposed by Albrecht and Geisler (1991, 1993) for corticalnellrons' luminance

spatial frequency dependence. In their case, the stimuli were conventional sine-wavc

luminance gmtings. However, the sharpening effect from an expansive nonlinearity

fol1ows from the same principle in both their study and this envelope-rcsponse modeling:

the expansive nonlinearity exaggerates the differences betwcen the smal1 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 ofthe model's envelope and carrier spatialfrequency 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 freqllencies (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
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not change their optimal value and shape, although the magnitude of peak response will

vary due to the differelllhil altenuation of envelope spatial frequencies by the laie filter.

The effect of non/inearity on enve/ope spatia/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 laie filter (open diamonds) was 4; two

early filters with optimal spatial frequencies al either 16 or 64 were simulated (dashed

Iines). 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 weil with that of the laie filter irrespective of the

nonlinearity: the envelope spalial frequency tuning curve from the early filter centered at

64 (solid Iines) coincided with the hue 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 Iines). As shown in the simulation of carrier spatial

frequency dependence, adding additional nonlinearity after the full-wave rectification

produced high-order envelope harmonies, which were Fourier components in multiple

spatial frequencies and phases to the envelope component (Appendix A). Consequently,

the model's responses to such envelope hamlOnics 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 hannonics fell in the late filter's optimal range. The

envelope second hannonic responses (solid Iines 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 harmonies. The order of
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hannonics in the envelope-response histogram (l'5TH) woulù become higher for lower

values of envelope spatial frequency.

Because of these envelope h:ml1onics, the moùd's envdope spatial frequeney

dependence could deviate substantially from the hile Iïlter's spatial frequency tuning

curve, if the envelope responses are calcu1:lteù as :\ sum of the energy frommultiple

hannonics in the late Iïlter's output. The amount of such deviation woulù ùepenù greatly

on the amount of high-orùer envelope harmonics. Consiùcr the hybriù moùd (Fig. lOB) of

Henning et al (1975), in which the same filter is uscù as the luminance tilter anù the hile

filter for the envelope. The luminance spatial frequency depenùence 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 coulù

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 moùe!. Firstly, to explain the

large deviation between the observed envelope and luminance spatial frequency

dependences (Fig.4A-D), the hybrid model requires the high-order envelope hannonics to

be much stronger than the envelope component (lïr,r harmonic). For such a requirement,

as shown in Appendix B, the additional poir.twise nonlinearity after the rectification

would have to be non-monotonie. Secondly, because the envelope responses are driven

by the envelope hannonics at low envelope spatial frequencies, the temporal post­

stimulus lime histogram of simple cells should be dominated by higher hannonics. This

study was not able to test very low envelope spatial frequencies to evaluate this

prediction, due to the limitations of the gmphics cardo 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 mode!. On the OIher hand. the two-stream model (Fig.JOD) is totally

unconstmined in the choice of pointwise nonlinearity. the appeamnce 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 demonstratcd that cnvelopc-responsive ncurons in areas 17 and 18

have narrow-band tuning to the C'llTicr spatial frelillcncy of envclopc stimuli, which is

much higher than their optimal luminance frcliuencies. In addition, the envelope

responses showed a dependence on envelope spatial freliuency that was often shifted or

extended to lower frequencies than those of the same cell's luminance spatial frelillency

pass-band. The carrier and envelope spatial freliuency dependences were separable in

most neurons tested, and motion of the carrier did not reverse the direction preference of

responses to envelope motion. The relationship 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 live 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 mode!. Both

models are consistent with the data. Envelope information is processed by a sepamte

stream consisting of three consecutive stages: an early, narrow-band high-sputial­

frequency selective filtering, a pointwise nonlinearity, and a lute 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 mode!. 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 ceUs.

Early lIolllillearity ill the visllal system

It is expected thatmany 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, atthe photoreceptor level by ps)!chophysical studies using interference 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 couId 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 stimltli and luminance grating stimuli. On the other hand, the early

nonlinearity hypothesis predicted thatthe detection of an envelope pattern was based on

the distortion product generated by the nonlinearity, which couId be canceled by adding

another luminance grating atthe 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). Furtherrnore, the spatiotemporal propenies of envelope detection showed
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differences l'rom those of luminance grating ùetection (Baùcock ct al 1989; Derrington

and Badcock 1985, 1986), suggesting the existencc of a specializeù nonlinearity which

mediated envelope detection.

Why wouId early nonlinearities such as the above not contribute signitïcantly to

envelope detection under conventional viewing conditions? '1'0 demonstr,lIe the

phOloreceptor nonlinearity, very high stimulus contrast on the retina is needed for high·

spatial-frequency stimuli, which is achieveù by using interference fringes to bypass the

optics of the eye. The half-height of the opticaltT:msfer function of the eye is aroullJ 2

cpd for cats (Bonds et al 1972; Robson and Enroth·ClIgell 1978) and 10 cpd for hllmans

(Williams 1990; Campbell and Oubisch 1966). For envelope stimuli with high carrier

spatial frequency, the optics would atlenuate significantly Ihe 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 LON celllevel

(as proposed by Derrington 1987), corticallinearity might be achieved by using "push­

pull" pairs of on-center and off-center X-ce Ils 10 cancel the quaùratic nonlinearity

(Derrington 1990). In general, it is feasible to proùuce a system to approximme certain

features of a linear system, such as linear spatial summation at certain spatial scales, l'rom

nonlinear components. Consistent with the psychophysical results under conventional

viewing conditions (with optics), this investigation provided evidence that the

nonlinearity mediating neuml responses to envelope stimuli was separme l'rom Ihe

luminance processing stream in the receptive field of cortical neurons, and did not arise

l'rom some common, early nonlinearities before narrow-band spatial frequency fiIterLg.

Possible neural mechanismfor envelope responses

Because of the sepambility 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 Iikely to be constructed l'rom two



•

•

consecutive but independent processes. The first process consists of nonlinear neuml

subunits having spatial dimensions far smaller than the cell's receptive field size. Their

responses are then spatially summed by a late process. In temlS of the three-stage

computation model for envelope responses, the computation perfonned by nonlinear

subunits is modeled by the early rilter and the pointwise nonlinearity, and that of the late

spatial summation process is modeled by the hile mter. 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 detennined 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-LON cells, and Y-LON 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

LON 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-ceIl model of Hochstein and Shapley (1976b). Secondly, the

distribution pattern of envelope responsive cells in the two cortical areas corresponds to

the contemporary knowledge abolllthe 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, whereas only a minority of area 17 cells are. Lastly,

because the neuml 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 sllbllnits preferring opposite directions should be
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balanced such that the ovemll responses do not show din:,tiun prclcn:nœ. Il seems

simpler to construct envelope responsive subunits by using X-œlls ur Y-subunits than by

using cortical cells.

Il is an open questiun huw sub,urti,al Y-subunits mighl <:olllribule tu <:orti,al

neuron responses. A cbamcterisli<: fe,nurl' llf Y-subunils is lU produ,e a fl'equl'n,y­

doubled (second hannonic) component in the respunses lU <:Olllmst-n:versing gratings uf

high-spatial-fl'equency, indcpendelll of the spatial-phase of the gr.llings (Enl'Oth-Cugell

and Robson 1966; Hochstein and Shapley 1976b; So and Shapley 19X 1). Such second

harmonic responses to contrast-revel'sing gratings \Vere obsel'ved in many simple area 1li

ceUs and a fe\V simple area 17 cells \Vhen the grating spatial frequency \Vas much higher

than the neuron's luminance pass-band as detennined \Vith drifting gratings (Ferster and

Jagadeesh 1991). Unlike the second hannonic l'esponses to contras!-revcrsing gr.nings of

spatial frequencies inside the cell's luminance pass-b:lnd (Spitzer and Hochstein 1985a,b,

1988), the second harmonie responses to high-spatial-frequcncy cOlllrast-rcversing

gratings did not show dependence on the spatial phase of the gratings, suggesting a Y­

input contribution to these Cl:lls' receptive tields. ln a broader sense, contrast-reversing

gratings are a special case of envelope stimuli: zero envelope spatial frequency buttwice

the temporal frequency of the cOIllrast-reversal. Responding to such a special type of

envelope stimulus suggests that these neurons' envelope spatial frequency dependcnces

are Iikely to be low-pass. In a relatively small sample (n=7) of simple arca 18 cells using

contrast-reversing gratings of high-spatial-frequency, this study also found two cclls

responding to such stimuli. One of them was an envclope-responsive cell which showed

second harmonic responses 10 contrast-reversing gratings at the spatial frequency in the

carrier frequency pass-band (Fig.SE), much like the responses described by Ferster and

Jagadeesh (l991).1l is an appealing possibility thatthe envelope responses and the

second harmonic responses to contrast-reversing gratings originate l'rom the same

subcortical source (Y-subunits).
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However, a complete explanalion of tIle envelope-responsive mechanism must

include conical 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 live-fold in envelope-responsive cells,

whereas the difference in the eut-off spatial frequeneies between the fundamenwi and

second harmonies of Y-cells are generally around three times, indicating a larger spatial­

size difference belween the envelope-responsive subunits and the receptive lield of the

cellthan the size-difference belween the Y-subunits and lhe Y-cell's recepùve field.

Relation ta psycllOpllysical sllldies using envelope stimuli

Per(;eplua! effecls of envelope slimuli in human subjecls have been sludied by a

number of research groups (Henning el al. 1975; Nachmias el al 1983, 1989; Derringlon

and Badcock 1985, 1986; Badcock and Derringlon 1985, 1989; Chubb and Sperling

1988, 1989; Turano and PanIle 1989). Their resulls are consistent with this sludy, in that

the envelope detection cannot be explained by any early nonlinearity that is common to

ail visual stimuli before feeding into narrow-band spalial frequency tiltering (Henning et

al 1975; Nachmias and Rogowitz 1983; Badcock and Derringlon 1989). If similar

envelope-responsive cells also exisl in primale's early visual conex, these neurons might

form a neuntl basis for human perception of envelope stimuli. The results obtained l'rom

this study indicate thallhe processing of envelope infonnation may start in early visual

conex, although further processing may exist in higher conical 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 inlerpreted as a neural basis for sorne of

the psychophysical effects of envelope stimuli, such as the mutuai masking effect

between the envelope and luminance grating delection in human psychophysics (Henning

139



•

•

et al. 1975; Nachmias et al. 19X3. Il)Xl)). However. caution should be paid in conducting

such a comparison between envelope-responsive properties l'rom neural data and

psychophysical effects of envelope stimuli. Not ail the cells in early visual cortex arc

envelope-responsive; on the other h.md, different neurons show differcnt prcfercm:es to

luminance, carrier, and/or envelope spatial frcquencies. Such heterogeneous properties

among conical neurons may complicate the behavioral responses to psychophysicallasks.

Possible functions ofneural envelope responses

The analysis of possible models for the rcceptive 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 imponance of

envelope infonnation in low-levcI visual computation. From a computational point of

view, visual cortical neurons decompose the retinal image into different spatial scales

ranging l'rom coarse (low spatial frequency) to fine (high spatial frcquency). Interestingly,

envelope-responsive neurons' bandwidths for the carrier spatial frequency dependence

(Figs.I,2,3,5,G) are similar to typical bandwidths for cortical neurons tuned to high

luminance spatial frequencies. Thus single envelope-responsive l'l'Ils receive both

luminance information l'rom a coarse scule and contrust-envelope information l'rom a fine

scale. Funhermore, 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 altemation 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 sp~tial frequency grating background, depending on the spatial
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phase of the added luminance graling. The fact lhat human subjects can perceive such a

illusion implies that Ihe deplh inlcrpretation mechanism in the visual system can make

use of cnvelope infomlation.
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• Footnotes

[1] The luminance profile, L(x), of the drifling luminance grating at the optimal spatial

frequency (fi) is:

L(x) = sin[2lt(flx-ftt)],

where ft is the temporal frequency. The luminance prolïle of the envclope stimuli can be

expressed as:

L(x) = sin(2ltfcx)lll-sinI2lt(fex-ftt)II/2

= cos[2lt«fc.fe)x+ftt) 1/4 + sin(21tl~x)/2 - cosI21t«lél~)x-llt)1/4

where fc and fe are the spatial frequency of carrier and envelopc. For condition D in

Fig.2,

fe = fi

and fc = 21'1;

thus the low side-band of the cnvelope stimulus is

cos[2lt«fc·fe)x+ftt)]/4 = cosI21t(flx+ftt) 114 = sinI2lt(flx+ftt)+1t/21/4,

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

opposite direction, advanced in quadrature phase, and one-founh the contras!.

[2] A contrast-reversing luminance grating stimulus is equivalent 10 an envelope

stimulus at zero envelope spatial frequency (fe=O); the envelope temporal frequency is

then equal to twice that of the contrast-reversal.

[3] Testing non-enveJope·responsive cells with contrast·reversing gralings serves to

reveal any cells having low-pass envelope spatial frequency dependences that do not

overlap with their luminance spatial frequency tuning mnge.
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Output(x,y,t)=N[Input(x,y,tll (x,y, spatial position; t, time),
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which is an intensive transform wilhout spatiotemporal integration of lhe input signal.

15) These small second hamlOnics were caused by the strong differential allenuat:on

From the early filter on the three Fourier components in the envelope stimuli. In the case

of the carrier spatial frequency ut 2, the three Fourier components in the envelope

stimulus were at spatial frequencies of l, 2, and 3. Due to the differential allenuation From

the early filter centered at 4, the 10\V side-band \Vas nearly aboli shed and the other two

components had similar amplitude. Consequently, the half-wave rectification produced a

Fourier component at 2, \Vhich \Vas measured as the second harmonic of the envelope

responses. It can be seen thut such a differential attenuution 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 allenuated differently on the side of the early filter's tuning range. That is why this

differential allenuation 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 hannonics relative to the fundamental was suppressed by adding an expansive

nonlinearity after the full-wave rectification (carrier frequency at 2 in Fig.IIB), but

increased by an additional compressive nonlinearity (carrier frequency at 2 in Fig.ll Cl.

Therefore, the second hannonics in Fig.ll B are not produced by the differential

allenuation From the early filter, but by the additional nonlinearity after the full-wave

rectification. On the other hand, both types of second hannonics contribute in Fig.ll C; 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 still remains in the literature;

however, this controversy may be partiy 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 sec Ferster 1990a and Burke et al. 1992). AIlhough

reconciliation of the controversy needs furthl'r study. the presel\lly available evidence

does not rule out the possibility ursol11e Y-inpullo an:a 17 .



• Appendix A.

This appcndix analyzcs a family of JlOinlwisc transfonn functions for their

properties of gcncrating cnvcloJlc comJloncnts from envelope stimuli. This family of

functions, N(x), is defined as a linear sum of a set of basis functions:
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where ri and Sj are free parametcrs. Pi(x) are even-symmetric basis functions, defined as:

Pi(x) = Ixlai (ai> 0)

and Qj<x) are odd-symmetric basis functlons, defined as:

Qj(x) = sign(x) IxlPj (Pj > 0)

in which ai and ~ are free pammeters. It can been seen that this family of transfonn

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, il will be

shown that only the even-symmetric basis functions produce a Fourier component

(envelope component) al 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 lime domain is omitted; however, the

conclusions obtained from this analysis can be generalized into the situation that also

considers the lime domain.



• Definition 1. Enve/ope nOIl/illearity alld ellve/ope eompollellt.

A pointwise transform function Nt) is calleù an ellve/ope nOIl/illearity, if, l'rom
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any envelope stimulus y(x),

y(x) = C cos(2rr (x + $) l ~ + ~ cos(2rr l'ex + e) 1 (ElJ·u2)

•

N(y(x)} produces u Fourier componclllut lhc frclJuency fc unù phusc e such Ihui thc

amplituùe, frequency, unù phuse of this Fourier componclllurc inùepcllllelll of fc uilli $.

Consequently, this Fourier componenl is culleù un ellve/ope eompollellt.

Definition 2. Ellve/ope harmollies.

The enve/ope harmollies ure the Fourier components produced l'mm the envclope

stimuli by un envelope nonlinearity, ut the hunnonics of Ihe cnvelope sputiotcmporal

frequency and phuse. Theil' umplitudes und sputiotempoml frequcncies und phuses should

be independent of the carrier sputiul frequency and phuse.

Proposition 1. An odd-symmetric busis function, Q(x), cunnot bc an cnvelope

nonlinearity.

Proo/:

For an envelope stimulus of Eq.u2, the contrast, currier, and envelope can be

nonlinearly transforrned separately:

Q{y(x)} = C~ Q{cos(2rrfcx+$)} Q{ t+; cos(2rrfcx+e) 1

i) Because the transforrned carrier grating,

Q{ cos(2rrfcx+$)} =lcos(2rrfcx+<P)I~ signlcos(2rrfcx+<p) l,

is periodic at the frequency fc' its Fourier expansion is:

Q[cos(2rrfcx+<p)) = E:
1

di cos(2rr i fcx + i <P)

Because Q[cos(27tfcx+<p») can be canceled by a half-cycle shift of itself, Le.
1

Q[cos(27tfcx+<p)) + Q[cos(27t (fcx + ïf) + <P)I = 0,
c

the sum of even-order hurrnonics in the Fourier series should be zero, Le.
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~:'" dl' cos(2lt 2i l'ex + 2i $) '" 0
1=1

Thus, the transfomled carrier grating conlains only odd harmonies:

Q[cos(2lt l'ex + $)1 = ~:I di cos(2lt (2i-l) l'ex + (2i-l) $).

ii) Because lhe lransformed envelope pattern,

QI ~ + ~' cos(2lt l'ex + 8)1 = 1~ + ~' cos(2lt l~x + 8)1~,

is periodic at the frequency fe, ils Fourier expansion is:

QI ~ + ~ cos(2lt l'ex + 8)1 = go + L;l gj cos(2lt j l'ex + j 8).

iii) Combining the Fourier expansions of carrier and envelope:

Q(x) =C~ P::l di cos(2lt (2i-l) l'ex + (2i-1) $)}

(gu + :E;I gj cos(2lt j l'ex + j 8)}

It can be seen that the expansion of Q(y(x)} does not have an envelope component at fe

and 8 that is independent of feand $, nor any envelope harmonies.

Discussion 1. Depending on the nonlinearity Q(x), sorne cross-harmonies of fc and fe in

the expansion of Q (y(x)} might turn out to be very close to the envelope frequency (fe).

An envelope response based on these hamlonics 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 envc:lope response is

not reliably signaling the envelope pattern. For a reliable envelope-responsive

mechanism, these "harmful" harmonies 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 l'lIer).

Consider one such cross-harmonie whose spatial frequency is very close to fe.

This harmonic can be expressed as:

C~(Ùjg/2) cos (2lt[(2i-l)fdfelx + [(2i-I)$-j8])
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• in which (2i-l) and j arc the order of the hannonics of (. and (. in the Fourier expansions

of carrier grating and envelope. Because the spatial frequenc)' of the hannonil: is very

close to l'o. it must satisfy:

(i. j = 1.2.3.....)

•

where A. is a number very close to 1. i.e. 0.5< A. <1.5. The above rehllion belweenthe

order of harn10nics for fc and fc indicates that for a high ratio of (. to fc• higher oroer t~­

ham10nics (i) are required to producc the lmnnful cross-harmonic (À fc)' Because the

series of coefficiems {di 1and (gj 1converge to zero, the largest one of the hannful cross­

ham10nics is when i eqllals 1 and j equals the integer closest to «(/t~-l). 1'0 keep this

ham1ful cross-ham1onic snmll enough. either fe and fe should be weil separated so that the

j is very large. or the power (~) in Q(x) sholild be close 10 1. so that gj is very small. For

example, when fJfo=5, j=4 and the amplitude of the largest hannful cross-harmonic is

C~alb4/2. As long as C~alb4/2 is much snmller than the detectionthreshold. it willnot

cause visual responses.

Conclusion 1. 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 componenl.

Proposition Il. Any even-symmetric basis function • P(x). is an envelope nonlinearity.

Proo/:

For an envelope stimulus of Eq.a2. the contrast. carrier grating. and envelope

pattern can be transforrned separately:

P{y(x)) = Ca P{cos(21t l'ex + CP)) P( ~+ ~ cos(21t fox + a)}

i) Because the transforrned carrier grating.

P[cos(21t l'ex + CP)] = Icos(21t l'ex + CP)la .

is periodic atthe frequency 2re• its Fourier expansion is:



• Plcos{2lt fex + $)] =~;=u "k cos{2lt k 2fex + 2k $)
1

where au = 2fe f Icos{2lt fex + $)10. dx P 0
o

H) Because the transformed envelope pattern,

Pl ~ + ~ cos{2lt fex + 3) 1=1~ + ~ cos{2lt fex + alla,

is periodic atthe frequency fe, its Fourier expansion is:

Pl ~ +l cos{2lt fex + a) 1= ~;=u bk cos{2lt k fex + ka)

The amplitude of the envelope component is:
1

bl =2fe fit + ~ cos{2lt fex + a)la cos{2lt fex + a) dx
-1

1 lt) m 0.
= - f12+ "2 cos(x)1 cos(x) dx

lt .lt

2 lt{2 \=- f I~ + ~ cos{x)lacos{x) .12- ~ sin{x)lasin{x) dx
lto

It can be proved that:
lt(2) lt{2\
f 12+ ~ cos{x)lacos{x) dx > f 12+ ~ cos{x)lasin{x) dx
o 0

lt{2
> f It - ~ sin{x)lo.sin{x) dx

o
for any a > O. Therefore bl P O.
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iii) Combining the Fourier expansions of carrier gratings and envelope pattern:

P{x) =Ca (~-o ai cos{2lt 2i fex + 2i$)} (~;o bj cos{2lt j feX + ja)}

where ao P 0 and bl P O. The expansion of P{x) should contain the envelope component

[CaaObtcos(2lt fex + a), a Fourier component independent of the carrier frequency and

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

the envelope harmonics (Caaob.cos(2lt jfeX + ja), in which b.pO).
J J

Discussion Il. Similar to the discussion 1for the odd-symmetric basis functions, sorne

cross-harmonies of fe and fe in the expansion of P{y(x)} may be haJmful for envelope



• response. because their frequencies are very close to the envelope frequency fc• and their

amplitudes and spmiotemporal frequencies and phases are depend on the spatiolempoml

frequency and phase of the carrier. F'Jr a reliable envelope-responsive model. the

amplitudes of these hamlful cross-hamlonics should be kept much snmller than the

envelope componenl generated by the even-symmetric transfoml.

The mathematical expression of such harmful cross-hannonics is:

CUaibj/2 cos[21t(2ifdfJx + (2ilj>-j6)1

in which
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(i. j = 1.2.3..... ; 0.5< Â. <\.5).
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Because the coefficients {ai} and {bj } in the Fourier series for carrier and envelopc

converge to zero. The largest harrnful cross-hamlOnic is when i equals 1 and j equals the

integer closestto (2fdfc·I). To keep this harmful harmonic small. either ~fc should be

large or the power (a) in P(x) should be close to 1. so that bj is very small. For eKample.

when fdfc =5. j=9 and the amplitude of the largest harrnful component is CXa2b9/2. As

long as (a2b9) is sufficiently smaller than (aobl). the envelope component will dominate

the output of the transforrn function around the envelope frequency.

Conclusion Il. An even-symmetric function composed of a sum of even-symmetric basis

functions (E.~=o ai P(K)) is an envelope nonlinearity. The envelope component may be

canceled at certain contrast values {Cj}. if a particular composition of the basis functions

satisfies:

E.~=o ai P(Cj) =O.

Conclusion III. For any function N(x) composed of a sum of multiple basis functions.

only the even part of the function ([N(x)+N(-K)1/2) produces the envelope component.

Therefore. the even part of a function is called the effective enve/ope nonlinearity.
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Conclusion IV. Because thc effeclÎvc cnvclope nonlincarity must be an even-symmetric

function, an alternulÎve wuy of constructing such u nonlineurity is u full-wave

rectificution followed by un additionul pointwise function composed of u sum of busis

funclions, which muy include both even- und odd-symmetric busis functions .
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Appendix B.

'1'0 expl:lÎnthe large diffewnœ in neural responses belween the envelope and

luminance spatial frequency dependences. Henning et al.'s (1975) hybrid model wquires

an additionalnonlinearity al'ter the full-wave rectilïc.llion to produce high-order envelope

harmonies much stronger than the fllndam~ntal. The following analysis will show that

such a requiremem willnol be satisfied by a monotonic nonlinear transfonn.

Observation. Any even-synunetric pointwise transfonn fllnction 'l'(x) which is:

1) continuous,

2) monotonic for both positive (x~O) and negative (x<O) side,

and 3) zero al the origin, i.e. '1'(0)=0,

does not generally prodllce an envelope second harmonic larger Ihan Ihe envelope

component l'rom any envelope stimulus of Eq.a2.

Analysis:

Consider a transformed envelope stimulus of Eq.a2:

Tl y(x») =Tl C Icos(27t l'ex + <P)I (~ + ~ cos(27t l'ex + Sn 1

When the carrier spatial frequency fç is mllch larger Ihan the envelope spatial frequency

fc, T(x) can be approximaled by the prodllct of the trunsfomled carrier and the

transformed envelope:

T(x) '" T[C Icos(27t l'ex + <P)I] T[C( ~ + ~ cos(27t l'ex + Sn Il T(C)

Although a strict mathematical proof is not available, the validity of this approximation is

intuitively obvious, based on the propenies of T(x). The error l'rom 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:
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T(x) = 1~o ai cos(2lt i 2fex + 2i$)} (1:;0 bj cos(2lt j feX + je)} / T(C)

in which the envell'ne cornponent is "obi cos(2ltfex+e)/T(C), and the enve10pe second

harmonic is aub
2
cos(2lt2fcx+2e)rr(C). Thlls to prove thal the envelope cornponent is

larger than the envelope second harmonic is the sarne as proving that Ibll > Ib21, which is

also the sarne as proving both b1'b2 and bl+b2 are of the sarne sign as bl .

1 lt 1 m
b = - fTI C(- + - cos(x» 1cos(x) dx
'lt 2 2

·lt

1 lt 'mb2 =; fT[C(ï + :!'cos(x»! cos(2x) dx
·lt

bl ,b2 =; J11C(i+!fcOS(X»1 sin(3x/2) sin(x/2) dx
o

4 2lt/3 1 m
= - f T[C(ï+~os(x»] sin(3x/2) sin(x/2) dx

lt 0

+ 1. JT[C(i+~oS(X»] sin(3x/2) sin(x/2) dx
lt 2lt13

The first term is of the same sign as T[C(~+!fcos(x»J and the second tenu is of the

opposite sign. Because
2lt13 lt
f sin(3x/2) sin(x/2) dx + f sin(3x/2) sin(x/2) dx =°
o 2lt/3

and T[ ~ + ~ cos(x)] is larger in XE [0,2lt/3J than in XE [2lt/3,lt],

the sommation of the two terms for the (b, ' b2) calculation must be of the same sign as

T[C(~+~cos(x))l. It can be proved that b, and T[C(~+~cos,X»] have the same sign, due

to the propenies of T(x). Thlls (b, ' b2 ) is of the same sign dS b"

4 lt 1 m
bl + b2 =; JT[C(2+~OS(x')1 cos(3x/2) cos(x/2) dx

4 ltl3 1
= - j T[C(~~os(x»] cos(3x/2) cos(x/2) dx

1tO

4 lt 1 m
+ - fT[C(~~os(x)] cos(3x/2) cos(x/2) dx

1t ltl3
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Following the same procedure as for \b l - b2 ), it ean be shown that the summation of the

above two integrations is of the same sign as bl . Thus both (b l - b2) anù (b l + b2) are of

the same sign as bl' Le. Ibll > Ibl

In conclusion, for any eontinuous, monotonie, anù zem-origin poilllwise

transform function, the amplitude of the envelope component is always larger than ilS

second harmonie. In other words, the nonlinear transfer funetion has to be non-monotonie

if the envelope harmonies are 10 be stronger than the funùamental (envelope eomponent) .
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Figure Legends

FIG.l Carrier spatial frequency dependence of an mea 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 frequency, for the envclope responses. The

envelope spatial frequency is fixel! at 0.05 cycles l'cr degree (cpd), the same as that of lhe

luminance response condition A. The temporal frequel1l:y is 5Hz for luminance gratings.

and 2.5Hz fo: envelope stimuli and carrier gratings (squares). For all the stimuli in this

and the succeeding figures. the contrast is 77%, unless otherwise specilied. The

spontaneous activity has been subtracted from the responses. The solid lines and lilled

symbols indicate the responses to stimuli moving in the preferred direction of the ccli,

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 weil as lhe

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.l. The

;:;nvelope spatial frequency is al 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 ta the low side-band component of the

envelope stimulus (at the same spatial frequency as A; see text for delails). 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' ;;t:r contrast (4 times) in A' than the low side-band of D.
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FIG.3 Carrier spatial frequency dependencc of an exceptional enve1ope-responsive cell

(an area 18 complex ccli). The conveillions for the symbols and figure layout are the

same as those of Fig.l. The envelope spatial frequency is at 0.15 cpd, the same as the

frequency of the luminance grating at A. This ccli is exceptional in that the carrier and

luminance spatial frequency dependenccs overlap.

FIG.4 Comparison between envelope (triangles) and luminance (circles) spatial

frequency dependenccs. The abscissa indicates the spatial frequency of the grating for

luminance responses or that of the enve10pe for enve10pe responses. The solid lines and

symbols are for the responses to the stimulus 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 norrnalized by the

largest, separately for luminance and for envelope responses. The relationship between

envelope and luminance spatial frequency dependences range l'rom very different (A) to

very similar (F). The carrier spatial frequency of the envelope stimuli for each cell is at its

optimal (A: lA 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 contmst-reversal grating responses (crosses), luminance responses

(open circles), and envelope responses (triangles). The abscissa i~ the spatial frequency of

the gmting for luminance responses and contrast-reversing grating responses, or that of

the carrier for envelope responses. For each spatial frequency condition, the contmst­

reversing gmting was tested at five spatial phases (0, 1t/5, 21t/5, 21t/5, 21t/5), and the graph

shows the averaged responses of these five phases. The spontaneous activity has been
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subtracted l'rom every response. A-D: both luminance responses anù colltrast-reversing

grating responses are very small when their spatial frequencies l'ail outsiùe of the eell's

pass-band, in contrastto the signilïcant envelope responses. E ,IIlÙ F: two exceptional

cells (area 18 simple cells), showing significant high-frequency contmst-reversal grating

responses. The envelope spatial frequency for each cell is fixeù (A: 0.1 cpù; B: 0.21 cpù;

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

FIG.6 Separability between the envelope anù carrier spatial frequency ùepenùences.

Carrier spatial frequency ùepenùences were measureù 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 depenùence

curve and its symbol for the illustration are indicated in the inset box for each panel. The

solid lines indicate responses ta the preferred direction of motion, and the dashed Hnes

show the non-preferred direction responses. The sponmneous activity was subtracled

l'rom each response before plotting. (A is an area 17 simple œil; Band 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 carrier

temporal frequency, in multiples of the envelope temporal frequency (indicated in

parentheses). Positive values representthe same 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 œil, whereas the

dashed line and open symbols are for responses to the non-preferred direction of envelope

motion. The spontaneous activity was subtracted l'rom each response. The carrier spatial

frequency was atthe 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,

2.2 cpd; B, 1.9 cpd: C, 1.3 cpd: D, 1.9 cpd.)

FIG.8 Distribulions of optimal carrier (circ1es and crosses) and luminance (diamonds and

stars) spatial frequencies among envelope-responsive cds. Each symbol represents the

data from one ceU. The solid line (acuily line) is the average eut-off spatial frequency of

X-retinal ganglion ceUs (adapted from Cleland et al. 1979). The two dashed lines (high­

and low-acuity lines) are half-octave deviations from the acuily line, approximating the

variance in Cleland ct al's measuremenls.

FIG.9 A: scatterplot of the optimal carrier spatial frequency agail.", the optimal

luminance spatial frequency. In this figure as weU as in B, each symbol represents the

data from one ccU. B: scatterplot of the ratio of the optimal carrier to lumlllance spatial

frequency over the ralio of the high-acuity to the optimal luminance spatial frequency.

The solid line indicates al: 1 ratio. C: distribution of the ratio of optimal carrier to

luminance spatial frequency. The histogram bars (binwidth=2.82) represent data from

sample ceUs, and the solid squares with error bars are the prediction from a hypothesis

that the optimal carrier spatial frequency of a given envelope-responsive ccU was

randomly distributed between five times the ceU's optimal luminance spatial frequency

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

FIG.lG Four possible models for envelope-responsive ceUs. 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.ll Simulation of carrier spatial frequency ùepenùence, using the three-stage

computational mode!. A scalar variable is useù for the spatial frequency to represent the

number of cycles in the stimulus array (sec text for detai!). The enve10pe spatial

frequency is set at 1 for ail the simulations. The absdssa indicates the calTier spatial

frequencies of the envelope stimuli. Three pointwise Ilonlinearities are used: full-wave

rectification, square, anù rectitieù square-root. For each nonlillearity, the simulation was

conducted for three carly filters (dasheù lines). 8ecause the envelope spatial frequency

was constant, the late filter stage was omitteù. The Fourier response component at the

envelope spatial frequency (envelope component; solid lines) anù ilS second harmonic

(solid lines with open circles) were calculaleù from the output of the nonlinearity. The

envelope responses were nommlizeù accorùing 10 the peaks of the envelope component

responses. The carrier spatial frequency dependence was sharpened by an ex.pansive

nonlinearity (8) and broadened by a compressive nOlllinearity (C).

FIG.l2 Simulations of envelope spatial frequency dependence, using the three-stage

computational mode l, for three nonlinearities: full-wave rectification, square, and

rectified square l'Oot. Two early filters (dashed lines) were simulateù for each

nonlinearity. The abscissa is the spatial frequency for the early and laIe (open diamonds)

filters' tuning curves, or lhat of the envelope for the envelope responses (the solid lines

for envelope component and the solid lines with open circ les for the envelope second

harmonie). The plotted envelope respons,:s :,; weil as the tuning curves of the filters are

each norrnalized according ta their respecti '."~ max.ima.
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Chapter V. General Discussion and

Directions for Future Research

General Discussion

The research in this thesis has revealcd that sorne neurons in cat areas 17 and 18

can respond to envelope stimuli tlmt have no Fourier components falling inside a given

cell's selective mnge of conventionalluminance sp<llial frequencies. The assumnce of

delivering such stimuli without artifact is confimlcd by a series of control experiments:

estinmting and measuring the distortion product produced by dIe residual CRT screen

nonlinearity; comparing 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 ail

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 em'Clope 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

separ.lble. 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 fittering 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 mode!. In both models, the envelope processing is conducted

bya three-stage computation: an early narrow-band spatial-frequency-selective filtering,

a pointwise nonlinear trunsfOlm, and a l<lle spatial-frequency filtering. Consider an
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envelope stimulus with a carrier spatial freqllelley inside the selcL·tiw range of the t'arly

filter, and with its envdope spatial freqlleney inside lhe sdective range of the laIe filter.

The Fourier components (close lU the carrier frequency) in the stimulus arc passed hy the

early filter. The nonlinearity produces a Fourier eomponent (enwlope component) at the

envelope spatiotemporal frequency. This Fourier Cllmponent is then pieketl up hy the late

filter, allowing the neuron to respontl to the envdope stimulus. Notice that the envdope­

responsive stream does not respolll\ lU luminance grating stimuli: since the spatial

frequency-selective ranges of the early and late lilters do not overlap, any luminance

grating stimulus cannot pass bOlh the early and the late filters.

As for the two-stream model, lhe envdope processing is paralld to the luminance

processing, which is a narrow-band spatial frequency l'ilter. The two proœssing streams

combine in the end to detcrmine the output of the neuron. On the olher hand, the hybrid

model uses one spatial frequency l'ilter for bOlh lhe late filtering 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 hamlOnics in simple cells. In contrast to the hybrid model, lhe

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 18

neurons supports a functional importance of the envelope information in low-Ievel visual

computation. From a computational point of view, visual cortical neurons decompose the

retinaI image into different spatial scales ranging l'rom coarse (low spatial frequency) to
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fine (high spatial frequency). Interestingly, the neurons' bandwidths for the carrier spatial

frequency dependence (Figs.l ,2,3,5,6 in Chaptcr IV) arc similar to lypical bandwidths for

cortical neurons tuned to high luminance spatial frequencïcs, suggesting that the envelope

responses of a given neuron signallhe envelope of a l'ine scule image. 'l'hus the envelope­

responsive cells receive bUlh coarse scale luminance infol1nation and contmst-envelope

information l'rom tine scales, suggesting a computation which integrates infol1nation

l'rom a pair of spatial scales_

Consider the relationship among the spatial scales for the carrier, luminance, and

envelope within the envelope-responsive ceIls. The carrier scale is tiner than and, in most

cases, does not overlap with the luminance seale; whereas the envclope seale is eoarser

than but overlaps with the luminance seale. Furthermore, the carrier seales are not in a

fixed ratio with the luminance seales, and the optimal carrier spatial frequeney C'1ll be any

value from about five times the cell's optimal luminance spatial frequency to the Cal'S

physiologieal aeuity (Fig.S, Chapter IV). Thus, the ensemble of envelope-responsive ceIls

provides a rich eombination of envelope infol1nation l'rom tine scales with the luminance

information at coarse scales.

The tinding of neural responses to envelope patterns does notundermine the

understanding that cortical cells act as narrow-band spatial frequency lïlters in response

to retinalluminan(.e variations; rather, the processing in single cortical neurons couId be a

convergence of several funetionally different processing streams.

Directions for Future Reseurch

There are many questions still wuiting lU be unswered: how is orientation

selectivity of envelope responses produced, by the early filter, the late lïlter, or both?

what is the temporal nature of the lute lïlter und how is it related to the temporal filtering

of luminance responses? What is the shupe of the contrast response function for envelope

responses, monotonie or non-monotonie? Is there uny contrustudaptation effeet for
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envc10pe 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? ls the luminance signal

combined with the envelope's by mithmetic summation? Is there any subcortical

contribution to the envelope responses? What happens to the envelope responses in area

18 cells if small-receptive-fielù-size cells of area 17 are inactivateù? Examining these

questions can deternline whether the hybrid model or the two-stream model is adequate

as a general receptive field moùel for envelope-responsive neurons, provide sufficient

dctails about each computation stage in the moùel for computer simulations to study the

functional role of such envelope responses, anù help understand how envelope responsive

processing is implcmented in the visual system.

One important question is whether these envelope-responsive ceUs respond to

other types of non-Fourier stimuli, such as moving contrast modulation patterns with a

noise carrier, traveling comrast-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-responsivc mechanism. Envelope-responsive ceUs may

respond less strongly to the moving contrast modulation pattern with a noise carrier than

one with a luminance gntting at the optimal carrier spatial frequency. This happens

because only part of the Fourier energy in the stimuli 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 ma)' also respoml ln contrast-rcvcrsing pallems

with a nohe c:lITier. if the carly lïIter is temporally high-pass. Envelope rcsponses wcre

facilitated by carrier motion for four out of six envclope responsive œlls (Fig.7 of

Chapter IV). suggesting lhm the early filters of these cells pre fer high temporal

frequency.

As indicated in the first chapter amI in Wilson et :11. (1992), a three-stage

computation model. similar to the envelope responsive model. can respond 10 anomaluus

contours produced by abulling gratings. if the carly filter is non-oriented or oriented

orthogonally to the late filter. My future research willtry to address this possibility.

Envelope responsive streams in area 17 and 1Hneurons probably wuuld not

respond to moving contmst-reversing-bars. because the sp:lli:1I scalcs for the "carrier" and

"envelope" in these moving contrast-reversing-bars are very similar. whereas the spmial

scales are very different for the early and [ale lïIlers. Such stimuli are unlikely tu pass

both early and late filters. For a similar reason. the envelope responsive streams in carly

cortical neurons should not contribu te to the nonlinear processes in visual responses lU

moving plaids (Wilson et al 1992) or two-flash apparent motion using Gabor function

stimuli (Bou1ton and Baker 1991; Baker and Boulton 1993).
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