
S
R

J

V
N

A
v
a
t
l
r
a
v
c
H
m
p
a
r

K
s

O
t
f
t
o
p
a
r
s
c
(
o
a
c

n
a
b
P
t
1
b
n
d
t

*
E
A
s

Neuroscience 141 (2006) 15–18

0
d

ELECTIVE MECHANISMS FOR COMPLEX VISUAL PATTERNS

EVEALED BY ADAPTATION
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isual Neuroscience Group, School of Psychology, University of
ottingham, University Park, Nottingham NG7 2RD, UK

bstract—A great deal is known about the initial steps of
isual processing. We know that humans have neural mech-
nisms selectively tuned to simple patterns of particular spa-
ial frequencies and orientations. We also know that much
ater in the visual pathway, in inferotemporal cortex, cells
espond to extremely complex visual patterns such as im-
ges of faces. Very little is known about intermediate levels of
isual processing, where early visual signals are presumably
ombined to represent increasingly complex visual features.
ere we show the existence of visual mechanisms in hu-
ans, tuned and selective to particular combinations of sim-
le sinusoidal patterns, using a novel method of compound
daptation. © 2006 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: conjunctions, Fourier, compound adaptation,
econd-order, V4, plaid.

ne of the common principles of sensory processing is
hat at each step along the processing stream the signals
rom an earlier stage are generally combined in some way
o create a new, more complex and sparse, representation
f the world. For example, the outputs from the retinal
hotoreceptors are combined to form the center-surround
ntagonistic receptive fields of retinal ganglion cells. These
espond selectively to the presence of contrast, rather than
imply luminance. Similarly, the outputs of retinal ganglion
ells are combined by neurons in primary visual cortex
V1) to form elongated receptive fields. These neurons,
ften characterized as Fourier energy detectors (De Valois
nd De Valois, 1988), respond selectively to luminance
ontrast of a particular orientation and spatial frequency.

We investigated the presence and nature of mecha-
isms that combine the outputs of V1 neurons, looking for
system that might respond selectively to particular com-

inations of Fourier energy, namely to particular plaids.
laids have been used in vision research predominantly in

he study of visual motion perception (Movshon et al.,
986; Rodman and Albright, 1989; Huk and Heeger, 2002)
ut also to show interactions between early visual chan-
els (Olzak and Thomas, 1991; Georgeson, 1992; Caran-
ini et al., 1997a; Georgeson and Meese, 1997). None of
hese studies has demonstrated the existence of mech-

Corresponding author. Tel: �44-115-8467176.
-mail address: jon@peirce.org.uk (J. W. Peirce).
o
bbreviations: ISI, inter-stimulus interval; ori, orientation; PSE, point of
ubjective equality; SF, spatial frequency; V1, primary visual cortex.
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nisms selective to the form of the compound patterns
er se.

Using a novel method of compound adaptation we
how that such mechanisms do exist in the human visual
ystem. The method bears strong similarities to that used
o show the existence of spatial frequency selective mech-
nisms (Blakemore and Campbell, 1969), in which pro-

onged exposure to a particular sinusoidal grating reduces
ensitivity to the adapter but not to other gratings. The
ompound adaptation method works by adapting subjects
imultaneously to multiple sinusoidal plaid patterns and
hen testing the apparent contrast of each. The apparent
ontrast of a pattern in a retinal location where it had been
dapted as an intact pattern (compound adaptation) is
ompared with another location where its components had
een used to comprise other plaid patterns (component
daptation). We show that the test plaid has a lower ap-
arent contrast in the compound-adapted field than the
omponent-adapted location, indicative of mechanisms
elective to the form of the pattern rather than its compo-
ents.

EXPERIMENTAL PROCEDURES

articipants

our healthy volunteers (three experienced observers and one
aïve participant), with normal or corrected-to-normal vision, gave
heir informed consent and participated in the study. All proce-
ures were approved by the School of Psychology Ethics Com-
ittee, University of Nottingham, UK.

pparatus

timuli were presented on a computer-controlled CRT monitor
Vision Master Pro 514, Iiyama) at a resolution of 1152�864
ixels and at a refresh rate of 85 Hz with a mean luminance of 50.9
d/m2. The monitor was driven by 14-bit DACs (Bits��, Cam-
ridge Research Systems, Cambridge, UK). It was calibrated
sing a photo-spectrometer (PR650, Photo Research, Chats-
orth, CA, USA) and the gamma correction was verified psycho-
hysically using a 2nd-order motion-nulling procedure (Ledgeway
nd Smith, 1994). Stimuli were presented and data collected using

he PsychoPy stimulus generation library (http://www.psychopy.org).
he observer’s head was stabilized in a chin-rest 57 cm from the
onitor with the viewable area subtending 40.5 degrees of visual
ngle horizontally.

timuli

laids were constructed from the linear combination of four lumi-
ance-modulated sinusoidal gratings, each with different spatial
haracteristics; grating A had spatial frequency (SF)�1.5c/° and
rientation (ori)�0°; B (SF�1.5c/°, ori�90°); C (SF�2.5c/°,

ri�135°); D (SF�2.5c/°, ori�45°). These gratings were com-

ved.
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ined into four different plaid patterns; AB, CD, AC and BD (Fig.
a). In all stimuli the components contributed equal contrast to the
laid. Note the plaids form complementary pairs where AB and CD
ogether share the same components as AC and BD. All stimuli
ere presented in a Gaussian envelope with standard deviation of
.5° (such that the stimulus had a diameter of 3° at the point where

t fell below 1% contrast). This size of stimulus corresponds
oughly to the size of the excitatory portion of the receptive field for
macaque V1 neuron under low-contrast stimulation (Sceniak et

l., 1999; Cavanaugh et al., 2002).
During adaptation a pair of plaids (e.g. AB and CD) was

resented at maximum contrast (0.982) in one visual hemi-field,
lternating between patterns every second, with the complemen-
ary pair alternating equivalently in the other field. The patterns
ere also counter-phase modulated at 2 Hz. This modulation was

apid enough to prevent the occurrence of luminance afterimages
n the retina but is too slow to result in sub-cortical contrast
daptation (Solomon et al., 2004). The Michelson contrast of the
robes varied between 0.155–0.245 in steps of 0.015 and each
robe pair had an average contrast of 0.2. As a result all stimuli
ad a low contrast but were comfortably suprathreshold.

rocedure

he procedure is shown schematically in Fig. 1b. Participants

30s (adaptation)

Time

a)

200ms (ISI)

…

2s (top up)

b)

200ms (probe CD)

200ms (ISI)

200ms 
(probe AC)

A B C D

AB BDACCD

ig. 1. (a) Construction of the four plaid stimuli from their component
ratings. Note that each pair of plaids contains all four components. (b)
rocedure. After an initial adaptation of 30 s, probes were presented

or 200 ms, each preceded by a top-up of 2 s.
ere adapted to pairs of plaids simultaneously at different posi- a
ions on the retina (centered at 3° either side of the fovea on the
orizontal meridian); plaids AB and CD were presented at high
ontrast in the one visual hemi-field, alternating between plaids
nce per second, while AC and BD were adapted at the same time
nd in the same manner in the other hemi-field. The observers
ere then probed with one of the patterns (e.g. AB) presented at
ifferent contrasts in each location and were required to report the
ide on which the probe appeared to have higher contrast.

Exposure to the component gratings was identical in both
emi-fields, since the same four components were presented in
ach and for the same amount of time. If this were the only form
f adaptation occurring then the point at which the stimuli appear
qual in contrast would be the point at which they were physically

dentical. If, however, there were a neural mechanism responding
and adapting) selectively to the particular combination of compo-
ents then the probe patterns would appear equal in contrast
hen the physical contrast was higher in the compound-adapted
emi-field. This is referred to as a shift in the point of subjective
quality (PSE).

Effects of additional non-linearities such as cross-orientation
nhibition (e.g. Morrone et al., 1982; Carandini et al., 1997b) might
lso be observed if these are not uniform across stimuli. For
xample, if there were greater cross-orientation suppression for
laid AB than for the other plaids then this might activate cortex

ess strongly and be a less effective adapter. In this case, all four
robes will appear higher in contrast on the side of the weaker
dapter(s), resulting in a positive PSE shift for the strong-adapting
timuli and a negative shift for the weakly-adapting stimuli. If the
trength of these non-linearities is roughly uniform between adapt-
rs then they should not impact the PSE since, again, the two
emi-fields would be balanced.

There was an initial adaptation period of 30 s and this was
topped up’ with a 2 s period before each trial. There followed a
lank inter-stimulus interval (ISI) of 200 ms and the two probes
ere presented for a further 200 ms. The fixation point, a black
ircle six arc minutes in diameter, was visible throughout the
daptation period, ISI and probe presentation. During probe pre-
entations the same plaid (randomly chosen each trial) was pre-
ented in the two fields with different contrasts in each. The
ubject then responded by pressing a button on a keypad to
ndicate whether the right or left stimulus had a higher contrast.
he response triggered the next trial to begin, with anther top-up
eriod.

Trials were conducted in blocks of four with all probes and all
ontrasts randomly interleaved. For each stimulus, and in each
dapter configuration (AB and CD adapted in the left hemi-field
nd then the right), 40 trials were conducted by experienced
bservers and 20 trials were conducted by the naïve observer.
he additional trials run by the experienced observers did little, if
nything, to reduce the confidence interval of the fitted curve
arameters. On any day of testing subjects were only adapted to
ne adapter configuration (e.g. AB and CD in the left hemi-field).

ata analysis

or each of the four plaids, we quantified the effect of compound
daptation as the amount of additional contrast needed in the
dapted hemi-field for the probes to appear equal (PSE). Weibull
unctions were fit to the psychometric data and to 5000 bootstrap
esamples of it. From these fits the PSE, its standard error and
5% confidence interval were derived for each subject and each
timulus (Hesterberg et al., 2005).

RESULTS

he psychometric functions for the naïve observer (V.E.S.)
re shown in Fig. 2. When plaid AB was adapted on the left

nd its components on the right (Fig. 2, upper left panel,



o
t
l
v
c
f
s

o
s
d
F
a
c
o
a
t
c
v
a
f
A
w
c

s
b
c

W
s
d
t

a
s
l
i
c

v
n
b
c
v
F
b
a
p
c

c
s
M
a
r
w
a
w
e
e
c
f
a

t

F
c
l
s

F
t
t
r
p
c
h

J. W. Peirce and L. J. Taylor / Neuroscience 141 (2006) 15–18 17
pen symbols) the psychometric function was shifted to
he left, indicating that greater contrast was needed in the
eft visual hemi-field for the stimuli to appear equal. Con-
ersely, when this plaid was adapted on the right and its
omponents on the left (closed symbols) the psychometric
unction was shifted to the right. The same pattern can be
een for all four stimuli.

The amplitude of the effect for each plaid and for each
bserver is shown in Fig. 3. The compound adaptation effect
ize is the average magnitude of the PSE shift in the pre-
icted direction (compound adaptation�(PSER�PSEL)/2).
or every observer and for every stimulus the compound
daptation effect was significantly greater than expected by
hance (zero PSE shift, predicted by the null hypothesis, falls
utside the 95% c.i.). The average magnitude of the effect
cross all stimuli and subjects was 3% contrast, meaning
hat the stimuli appeared equal when the probe had a
ontrast of roughly 21.5% in the compound-adapted field
ersus 18.5% in the component-adapted field. There was
statistically significant difference between the effect size

or different plaids (based on a repeated measures
NOVA, F(3,12)�4.917, P�0.05). It is not yet clear
hether this difference is meaningful or what might have
aused such a difference.

The fact that no stimuli showed a negative PSE shift
uggests that the data were not caused by a single stimulus
eing dominant in adaptation (as might arise from differential
ross-orientation suppression between adapters).

DISCUSSION

e have shown that the human visual system shows a
elective adaptation to particular combinations of sinusoi-
al gratings after controlling for the effect of adaptation to
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Contrast difference between probes
(Right probe contrast – left probe contrast)

ig. 2. Psychometric functions for one naïve observer (V.E.S.) for
rials where each of the four probes had been used as an adapter on
he right (filled symbols) or on the left (open symbols). Dashed lines
epresent the separation between the functions (horizontal) and the
oint of veridical equality (vertical). The effect of compound adaptation
an be quantified as the mean shift of these functions from zero (i.e.
alf the length of the horizontal dashed line).
he component gratings. In the same way that selective
j
r

daptation to specific spatial frequencies and orientations
uggests the existence of human visual mechanisms se-

ective and tuned for those parameters, our results are
ndicative of mechanisms selective and tuned for particular
ompound patterns.

While there is much evidence that the first stage of
isual processing involves the detection of Fourier compo-
ents in an image, it is clear that visual form perception is
ased on a great deal more than this. The way in which
omponents are combined has a profound effect on the
isual perception of objects. For example, the four plaids in
ig. 1 give rise to very different percepts despite sharing,
etween them, the same Fourier components. The mech-
nisms implied here, unlike the spatial frequency channels
reviously found to be sensitive to particular gratings, are
apable of discriminating such patterns.

These plaid-form-selective mechanisms should not be
onfused with the plaid-motion-selective mechanisms de-
cribed by others studying cortical regions such as area
T/V5 (e.g. Movshon et al., 1986; Gizzi et al., 1990; Huk
nd Heeger, 2002). The two systems may or may not be
elated. For instance, the plaid-motion MT neurons might
ork by combining the Fourier components of the stimulus
nd extracting the motion of the combined pattern (in
hich case the plaid-form mechanisms might be consid-
red a precursor to the MT cell). Alternatively, they may
xtract the motion information of each component and
ombine those motion signals (in which case the plaid-
orm neurons are not needed and presumably form part of

separate system).
Olzak and Thomas (1999) suggest a model for a pu-

ative plaid-form-selective mechanism based on the non-
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ig. 3. The magnitude of the compound adaptation effect. This is
alculated for each probe and subject as the mean PSE shift (half the
ength of the horizontal dashed lines shown in Fig. 2). The shift was
ignificantly greater than zero (P�0.05) for all plaids and for all sub-

: B.S.W., Œ: V.E.S. (naïve)]. Error bars
ects. [●: J.W.P., �: L.J.T., ‘
epresent �1 S.E.M, based on 5000 bootstrap resamples.
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inear summation of outputs from quasi-linear filters. The
urrent data support the existence of such a mechanism
nd our compound adaptation method might also allow
urther details of that model to be investigated. We would
ike to know, for instance, how many input channels can be
ombined by any one conjunction-selective unit and over
hat spatial extents and contrast ranges the mechanisms
perate. We would also like to know where the mecha-
isms are located anatomically. Area V4, which sits in the
entral visual stream between V1 and temporal cortex, is
ery well positioned to carry out such processing and
eurons in this area are certainly sensitive to moderately
omplex, arbitrary patterns (Gallant et al., 1996; Pasupa-
hy and Connor, 1999). Combining the compound adapta-
ion method with fMRI, in a similar manner to Huk and
eeger’s (2002) study on MT motion-selectivity, might al-

ow us to determine the areas involved in the selective
etection of particular plaid forms.

We have shown, using a novel method compound
daptation, the presence of neural mechanisms selective

o particular conjunctions of Fourier energies. These
ridge a gap between the relatively simple edge-detection
f neurons in V1 and the highly complex pattern analyzers

n temporal cortex. The study demonstrates the existence
f neural mechanisms for which the whole visual percept is
reater than the sum of its Fourier parts, and provides a
ethod with which to study their properties further.
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