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INTRODUCTION

In their early recordings from the striate cortex,
Hubel and Wiesel (1962) distinguished two
main types of cells: simple and complex. They
described four characteristics of simpie cells
(pp .  109- l  l0 ) .

(l) Spatially separate ON and OFF regions:

"Like retrnal ganglion and geniculate cells.
cortical cells with simple fields possessec
distinct excitatory and inhibitory sub-
divisions. Illumination of part or all of an
excitatory region increased the maintained
firing of the cell. whereas a light shone ir,
the inhibitory region suppressed the firing
and evoked a discharge at 'off'."

(2) Summation within each region:

"A large spot confined to either area pro-
duced greater change in rate of hring than
a small spot. indicating summation within
either region."
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(3) Antagonism between ON and OFF sub-
regions:

". . . the two types of region within a re-
ceptive field were mutuall.v antagonisttc.
This was most forcefully shown by the
absence or near absence of a response
to simultaneous illumlnation of both
regions . . ."

(4) Response properties can be predrcted from
receptive field maps:

"From the arrangement of excitatory
and inhibitory regions it was usually
possible to predict in a qualitative way
the responses to any shape of stimulus.
stationary or moving."

Complex cells were defined b.v exclusion as
cells that faiied to dispiay the stated character-
ist ics of s imple cel ls.  Hubel and Wiesel (1968)
found that the cell classification onginally
defined in cals could be used equally well to

MINIREVIEW

CLASSIFYING SIMPLE AND COMPLEX CELLS ON
THE BASIS OF RESPONSE MODULATION

BsnNr C. Srorn-.rN,r RUSSTU L. De Vuos,2 Devto H. GnosOr,r J. AxrxoNv Movsttox,l

Duexe G. Arnnrcrrt and A. B. BoNos5
rDepartmenl of Psychology and 2Department of Psychology and Physiologcal Opucs Group'

University of California, Bcrkeley, CA 94720, rCenter for Neural Science and Depanment of Psychology.

New York University. New York, NY 10003. 'Depanmcll of Psychology, University of Tcxas,

Ausrin, fi 78712 and 5Depanmcnt of Electrical Engineenng, Vanderbilt Untversity. Nashville.

TN 37235. U.S.A.

(Receiued Il July 19fl)

Abctrrct-Hubel and Wiesel (1962; Jounal of Physiology, London, I&, 106-154) introduced the

classification of cortrcal ncurons as simple and complex on the basis of four tests of their reccplrve field

structure. These tests arc partly sub.lectivc and no onc ofthem unequivocally places neurons into distinct

classcs. A simple. objcctivc classifica.tion criterion based on the form ofthe responsc to dnftrng srnusoidal

gratings has bcen uscd by scveral laboratones, although it has bcen cnticized by others. We rcview

published and unpublishcd cvidcncc which indicatcs that this simple and objcctivc ctrtcnon rchability

divldes neurons of the striate cortcx in both cats and monkeys into two groups that correspond closely

to the classically-describcd simple and complex classcs.

Simple cells Complcx cells Striatc cortcx Gratings Spatial frequcncy Response modu-

lation Linear systems

I 079



Minireview1080

categorize orientation selective cells in

monkey's stnate cortex.
Subsequent investigators have proposed a

number of subsidiary or supplementary classi-

fications of cortical cells (e'g. Hubel & Wiesel,

1965; Palmer & Rosenquist. 1974; Gilbert'

1977; Henry, 1977), but these are all based

on the concept of simple and complex
"families". which remains central to all func-

tionally-based classifications of neurons in the

striate cortex.
There are several problems associated with

the criteria of Hubel and Wiesel. It has proved

difficult to separate cells into distinct classes

on the basis of quantitative estimates of ON

and OFF region overlap (Sherman, Watkins &

Wilson. 1976; Dean & Tolhurst, 1983); invcsti-
gators have had difficutty predicting orientation

and direction selectivity from the receptive field

maps of simple ceils (Goodwin, Henry &

Bishop, 1975; Heggelund & Moors. 1983; but

see also Reid, Soodak & Shapley, 1987; Mclean

& Palmer, 1989); and. using the test proposed by

Hubel and Wiesel, it is difficult to distinguish the

iimit of spatial summation from saturation of

the response. Furthermore. the criteria of Hubel

and Wiesel are qualitative and their application

depends in part on the individual investigator's
judgement. thus making it l ikely that this appli-

cation varies between individual investigators
and laboratories. Finally. the reliance on several

criteria leaves it undecided how to classify cells

that satify some criteria but not others.

Some investigators have sought to amend

the cnreria of Hubel and Wiesel by adding

or substituting distinguishing charactertstics'
Among the proposed tests are: spontaneous
act iv i ty level(Pett igrew. Nikara & Bishop' 1968:

Bishop. Coombs & Henry. l97l ;  Hammond &

MacKay. 1977): response amplitude (Pettigrew

et al . .  1968: Bishop et al . .  l97l) :  recept ive f ie ld

srze (Bishop et al . .  l97l ;  Hammond & MacKay'.

1977);  length summation (Bishop et al . .  l97l) ;
"sharpness" of response (Pettigrew et al.. 1968):

onentation selectivity (Hammond & MacKay,

1977): and response to patterns of random

dots (Hammond. Pomfretl & Ahmed. 1989)'
While simple and complex cells may. on

average. differ with respect to most. if not

all. of these measures. there is reason to believe

that none of them can be used to group cells

lnto dist.lnct classes. Moreover. these measures

do not acknowledge the receptive field proper-

ties addressed b1 the criteria of Hubel and

Wiesel.

APPLICATION OF LINEAR SYSTEMS

ANALYSIS TO STRIATE CELIS

In recent years, investigators have applied

techniques from linear systems analysis to the

stuay of cortical cells' receptive fields' Hubel

and Wiesel's original description of simple

cells suggested that they might be well under-

stood as having linear spatial summatlon'

while complex cells have profoundly nonlinear

behavior. Quantitative exploration of cortical

receptive fields has broadly confirmed this im-

pr.tiion (Maffei & Fiorentini. 19731 Movshon'

Thompson & Tolhurst. 1978a. b: De Valois'

Albrecht & Thorell, 1982). but has also shown

clearly that simple cells have a number of

important nonlinearities that make it impossible

to use linearity per se as the basis for classi-

fication. The essence of Hubel and Wiesel's

descnption of simple cells has two components:

first. the response evoked by a local stimulus
(e.g. a bar) preserves the sign ofcontrasu second,

local responses combine roughly linearly. so

that it is possible to predict the cell's response

by suitably summing locai responses. Complex

cells, on the other hand. typically gave similar

responses to local stimuli of either sign of

contrast. thereby losing polarity informatton'

Also, complex cells sum locally evoked

responses in a highly nonlinear manner (Hubel

& Wiesel. 1962: Movshon et al.' 1978b: Spitzer

& Hochstein. 1985). Thus the notion of approxr-

mate linearity is intimately related to Hubel and

Wiesel's original simple-complex classification'

A simple way to determine whether a cell

lacks substantial ON/OFF overlap or gross

nonl ineari ty of spat ial  summalion is to examlne

its response to a sinusoidal input: a cell lacking

those nonlinearities responds to a sinusoidalll '

modulated input (e.g. a drifting or counter'

phase-modulated sine-wave grating) with a

sinusoidal output at the slimulus temporal fre-

quency. ( ln the case of a spiking neuron, this

output is a sinusoidal modulatron of the firing

frequency. ) If a cell were perfectly linear in all

respects. the Fourier transform of this response

would show all of the energy concentrated at

the frequency of stimulation. In realitl '. even the

most iinear neurons have nonlinearities that

rntroduce terms into the response at frequenctes
other than the stimulus frequency'. rncludrng the

zero frequenc-v- or d.c. component (e.g. Enroth-

Cugel l  & Robson. 1966t.  In part icular.  s ince

most cort tcal  neurons have a maintained

actrvirv * 'h ich is low or absent and cannot f i re

the
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at negative rates the response will have a finite

d.c. component. This typically yields "half-

wave" rectification of the response waveform.

but in general this sort of rectification will never

cause any response component to exceed the

fundamental in amplitude. We mtght then expect

that the relatiue modulation of the response,

defined as the ratio of the response at the

stimulus frequency to the d.c. response (with

baseline activity subtracted), would never fall

below 1.0 for the rectified responses of a

linear neuron. In the common case of a neuron
whose maintained discharge is zero and whose

responses are perfectly "half-wave" rectified.
the relative modulation would be n,/2 (1.57).

Other nonlinearities commonly shown by

simple cells, such as contrast gain control,
contrast adaptation. suppressive end- and side-

inhibition. have little effect on relative modu-

lation. However. those nonlineanttes most

characteristic of complex cells. e-g. grossly non-

iinear spatial summation. have a major effect

on relative modulation in the response to a
grating. This reduces the response component
at the stimulus temporal frequency and en-
hances responses at other frequenctes. trans-
forming sinusoidally modulated input signals
into responses dominated by energy at even
multiples of the sttmulus temporal frequency
(including 0). In particular. these nonlinearities
weaken or abolish the response component at
rhe stimulus frequency itself. The value of

relative modulation for such neurons would
thus tend to be near 0.

A useful test of linearity of summation in

cortical cells might be derived from the wave-

form of the cell's response to a drifting sinu-
soidal grating. because the temporal luminance
variatron at each point in such a grat ing rs a

sinusoid. Among the many' pract ical  advantages
ol usrng dr i f t ing grat ings rather than olher
potentral  s inusoidal st imul i  are: r ' i r tual lv al l

str iate cel ls are responsive to moving patterns
(whereas man;- do not respond to flashed or

sinusoidal ly-modulated bars or spots):  the tesl

can be carried out tn a few seconds and is thus

reslstant to gradual changes in eve posit ion

over !ime: large and reliable responses can be

el ic i ted b1'  st imul i  of  moderate contrast:  the
precise locat ion and extent of ihe recept ive
f ield is relat ively- unimportant:  s imultaneous
st imulat ion of the ent ire receptrve f ie ld el ic i ts
responses that depend both on the l ineari t l '  of

local responses and on the wal those responses
sum spat ial l l .  In addit ion. i l  sui tabl l '  r 'a l idated.

this measure would form an objective test not

dependent on the expenmenter's judgements of

responses.

DOES CLASSIFICATION BASED ON RESPONSE

MODULATION CORRESPOND TO

CLASSIFICATION BASED ON HUBEL

AND WIESEL'S CRITERIA?

Hubel and Wiesel's classification scheme for

simple and complex cells is closely related to a

test of summadon linearity (Shapley & Lennie.

1985). which should correlate closely with

the modulation ratio from drifting slne-wave
gratings. Does ciassification by these two

different measures in fact agree?
When cells classified by classical criteria as

simple are stimulated with drifting sinusoidal
gratings. they respond with a discharge that is

modulated in synchrony with the temporal fre-
quency of stimulation. whereas complex cells
produce an elevated firing rate that is generally

uniform with dme (Maffei & Fiorentini. 1973:

Movshon & Tolhurst. 1975: Ikeda & Wright.

1975: Schiller, Finlay & Volman. 1976:

Movshon et al.. 1978a. b: Andrews & Pollen.

1979: Dean. l98l :  Holub & Morton-Gibson.
l98l :  Albrecht & Hamil ton. 1982: Pol len &

Ronner. 1982: Morrone. Burr & Maffei. 1982;

Jones. Stepnoski & Palmer. 1987: Hamil ton.
Albrecht & Geisler. 1989).

Movshon et al .  (1978a.b) showed that the

degree of response modulation seemed to dis-

tinguish simple and complex cells' They stimu-

lated the cells with drifting sinusoidal grattngs

and Fourier analyzed the averaged response
waveform. As a measure of relative modulation
the;- took the ratio of the amplitude of the first

harmonic to the mean response level. after

subtract ion of the average maintalned rate.

Movshon et al .  (1978a. b) reported that when
gratings of optrmal spatial frequency were used.
simple cel ls always appeared to have relal tve
modulat ion values in excess of 1.0. whi le com-
plex cel ls '  values were less than 1.0. I t  is

lmporlant to note that when tested with grat ings

of lower-than-optimal spatial frequency. they
found many complex cel ls that gave strongly
modulated responses.

De Valois et al .  (  1982) suggested that relat tve
modulat ion of the response to grattngs of
optimal spatial frequencl could be used tn
l ieu of c lassical  tests to classi f l '  neurons; they

termed stmple those neurons whose relattve

moduiat ion exceeded 1.0. and complex those
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whose values were lower than L0. A number
of investigators have classified cells as simple
and complex using this criterion, either by
itself (De Valois & Tootell, 1983; Skottun &
Freeman, 1984; Skottun, Grosof & De Valois,
1988; Bonds, l9E9) or in conjunction with
other tests (Tolhurst & Thompson, l9El; Dean,
l98l; Schumer & Movshon, 1984; Ohzawa &
Freeman, 1986a, b; Jones & Palmer, 1987;
Szulborski & Palmer, 1990).

The use of this cnterion has recently been
questioned. Hammond et al. (19E9) claimed to
find many complex cells that showed modulated
finng to drifting gratings. This claim was based
on observations made in the course of two
studies (Hammond, Mouat & Smith, 1985,
1988) in which mainly square-wave gratings
were used. As we have noted, it is important
to determine the relative modulation using
gratings of the optimal spatial frequency, since
a lower frequency can elicit a modulated
response from many complex cells. The modu-
lated responses described by Hammond et al.
( 1985, 1988) were likely a result of using too low
a spatial frequency. Square-wave gratings con-
tain not just the fundamental frequency but
many higher frequency components, which also
contribute to the response. As a result. many
cells respond optimally to a square-wave grating
whose fundamental frequency is lower than the
peak spatial frequency as determined by sine-
wave gratings (Campbell. Cooper & Enroth-
Cugel l .  1969: Pol len & Ronner.  1982: Elfar.
De Valois & De Valois. 1990). It is therefore
inappropriate to use square-wave gratrngs to
determine a cell's optimal spatial frequency.

Several investigators have compared the
classification of cells by classical criteria and by
the relative modulatron. and have senerallv

'About the method of  calcuiatrng the re iatrve modulatron
Dean and Tolhurst  * ' rote:  "The level  o i  spontaneous

actrvr ty could be corrected for  by subtractrng r t  f rom

thc average level  of  actrvr ty rn the presence of  a gratrng.

This was done for  complex cel is .  
"  (Dean & Tolhurst .

1983. p.  314).  l t  thus appcars that  Dean and Tolhurst

may have subtracted thc spontaneous actrvr tv f rom the

d.c.  responses of  complex cel ls  but  not  f rom the d.c.
component of  the srmple cel i  responses.  I f  thrs rs the case.
r t  wouid have had the ef fect  of  drspiacrng the srmple cel is
toward lowcr vaiues.  r .e.  c ioser to the values of  comoiex
cel ls  and thus rncreasrng the degree of  over iap between
s rmp le  and  comp le r  ce l ) s  nn  F rg .  lA .  B )and  reduc rng  t he .
b rmoda l  shape  o i  t he  d r s t r r bu r ron  t r n  F rg .  1A ;  A l so .  r t
mlght  be noted that  ther e xciuded f rom therr  sample nrne

sample cel ls  ' * r th rerr  iarge modulatron because therr
re iatrve modulatron sas so larse as to be of f  scale.

found the measures to agree in distinguishing
simple from complex cells. Dean and Tolhurst
(1983) did a substandal evaluation of the two
approaches, and found general agreement be-
tween relative modulation and classical criteria,
with a high correlation between response modu-
lation and a separate measure of the discrereness
of ON and OFF regions (r :0.87, y'{ = 65.
P < 0.001). However, they also noted a suffi-
cient number of exceptions to state that sup-
plementary tests were required for unambiguous
classification.

Dean and Tolhurst classified 391 cells as
simple or complex on the basis of a qualitative
receptive field map. For the same cells the.v
also measured the relative modulation. The
distribution of these values is shown in Fig. lA.
Of 231 cells classified as simple. 27oh had a
relative modulation of less than 1.0. By con-
rast, in the case of 160 complex cells all but
5 (97%) had relative modulation of less than
1 . 0 . r

For a subpopulation of 67 cells, they mapped
the receptive field quantitatively; Fig. I B shows
the distribution of relative modulation for
these cells. In the case of these quantitatively
studied cells, there is a much higher agreement
between the relative modulation and classical
RF mapping. Out of these 67 cells only 3
simple cells and I complex cell (less than 6% of
the total population) were classified differently
by use of relative modulation as opposed to
a combination of discreteness and the spatial
summation ratio. Furtherrnore. all four of the
cells that were differently classified had relative
modulations close to 1.0. In this distribution.
all cells with relative modulations well below
1.0 are complex according to their criteria. and
cells with relative modulations well above L0
are srmple.

In addition to these previously published
results. we present some new data. Figure lC
shows the distr ibut ion of the relat ive modu-
lation found in 255 cells from the cat's striate
cortex recorded according to the procedures of
Schumer and Movshon (1984).  The cel ls were
independently classified as simple and complex
based on the overlap of ON and OFF zones and
on qual i tat ive tests of spat ial  summation. No
ce l l  wi th a relat ive modulat ion of less than 1.0
was independently classified as simple, and only
five cells with relative modulations larger than I
were classified as complex based on receptive
f ield mapping. yielding a contradict ion in about
2o/o of the cases.
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