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Abstract

Observers can use spatial scale information flexibly depending on categorisation task and on their prior sensitisation. Here, we
explore whether attentional modulation of spatial frequency processing at early stages of visual analysis may be responsible. In three
experiments, we find that observers� perception of spatial frequency (SF) band-limited scene stimuli is determined by the SF content
of images previously experienced at that location during a sensitisation phase. We conclude that these findings are consistent with
the involvement of relatively early, retinotopically mapped, stages of visual analysis, supporting the attentional modulation of spa-
tial frequency channels account of sensitisation effects.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Evidence has been accumulating for some time sug-
gesting that processing of spatial scalemight be influenced
by a variety of task-dependent factors such as type of cat-
egorisation (Schyns & Oliva, 1999; Schyns, Bonnar, &
Gosselin, 2002), sensitisation through repeated exposure
to spatial frequency filtered scenes (Oliva & Schyns,
1997), and attention ( Özgen, Sowden, Schyns,&Daoutis,
2005; Sowden, Özgen, Schyns, & Daoutis, 2003). For
example, Schyns and Oliva (1999) used ‘‘hybrid’’ face
stimuli, which contained both a low-pass (LSF) and a
high-pass (HSF) spatial frequency (SF) filtered face in
the same image. They found that observers reported see-
ing only one of the two components of a hybrid face,
which depended on the type of face categorisation they
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were asked to carry out—i.e., they reported seeing the
HSF face when judging if a face was expressive or not,
and the LSF face when categorizing expressions. In a
related vein, Oliva and Schyns (1997) repeatedly present-
ed observers with scenes of one type of SF content (either
LSF or HSF) combined with noise on the opposite scale,
and asked observers to categorise themas ‘‘city’’ or ‘‘high-
way’’. Subsequently, and unknown to the observers, hy-
brid scenes were displayed, where both an LSF-scene
and an HSF-scene (one highway, one city) were present.
Observers who were sensitised with LSF scenes reported
seeing the LSF component (e.g., the highway), and those
sensitised with HSF scenes reported seeing the HSF com-
ponent of hybrids (e.g., the city), but not both.

1.1. Sensitisation and attentional modulation of spatial

frequency processing

The precise mechanisms involved in these phenomena
are open to study. We propose that sensitisation
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(resulting from categorisation, restriction of information
to a region of the SF spectrum, or explicit top-down
cueing) directs attention to those SF channels in early
vision whose output is diagnostic for a given task. We
found strong evidence that a top-down attentional
process can sensitise observers to specific SF channels
(Sowden et al., 2003). In one experiment, observers
made left–right tilt judgments on sinusoidal gratings
presented at threshold contrast. We created SF uncer-
tainty (Davis & Graham, 1981; Davis, Kramer, &
Graham, 1983; Hübner, 1996a, 1996b) by presenting
gratings at one of two possible SF�s (e.g., 0.5 and 8
cycles/deg) intermixed randomly, and trained observers
to attend to a symbolic sound cue acting top-down
(cf. Hübner, 1996a, 1996b), signalling the SF of each
grating. Subsequently, we interleaved plaid stimuli,
which consisted of two superimposed gratings (one at
each SF) at opposite orientations, to draw an analogy
to hybrids. On these trials observers typically reported
the orientation of the plaid component corresponding
to the cued SF and never perceived both components.
In further experiments we found that these effects of
expectancy on grating detection were selective for SF
in a manner similar to the SF channel tuning observed
at early stages of visual analysis. This effect of sensitising
observers to SF using sound cues is analogous to the
sensitisation to spatial scale, resulting from categorisa-
tion experience, reported by Schyns and Oliva (1999)
and Schyns et al. (2002) where task cues the observer
to attend to information at specific SF�s. Making this
link explicit Özgen et al. (2005) showed that sound cues
can drive attention, top-down, to the spatial scale of
scenes. In their experiments, during a sensitisation
phase, observers made highway vs. city judgements on
images combining a meaningful scene at one SF and
noise at the opposite SF, presented at threshold con-
trast. Observers were trained to attend to a sound cue
signalling the SF of the scene component of the image.
In a subsequent, crucial, test phase, images containing
meaningful scenes at the uncued SF and noise at the
cued SF (invalid trials) were interleaved with sensitisat-
ion trials. Scene categorisation on these invalid trials
was worse than when the cue was valid suggesting that
cueing acted to focus attention to specific SF bands.

In sum, there is now considerable evidence that a sim-
ilar process takes place in the perception of our hybrid
scenes and gratings. Further, our work on grating dis-
crimination and detection suggests that attention may
modulate the activity of early SF channels resulting in
the selective perception of these stimuli. Related to this
work, Bonnar, Gosselin, and Schyns (2002) recently
found evidence for bottom-up effects involving flexible
use of spatial scale. They adapted observers to low-pass
or high-pass dynamic noise presented over the entire dis-
play area, and subsequently presented them with an
ambiguous image (Salvador Dali�s painting of Slave
Market with Disappearing Bust of Voltaire), which had
different perceptions depending on whether the fine
(HSF) or coarse (LSF) features were attended to. They
found that adaptation with LSF noise resulted in the
perception of the HSF features leading to the perception
of the nuns in the ambiguous image and vice versa (i.e.,
adaptation with HSF noise resulted in the perception of
the LSF features leading to the perception of Voltaire).
It appears therefore that a bottom-up adaptation of SF
channels forces observers to use the unadapted channels,
and determines which scale information is perceived in
the ambiguous image. However, the likely locus of this
adaptation in the visual processing hierarchy has never
been probed in detail. Thus, in the present work we
directly explore whether the selective perception of com-
plex stimuli such as hybrid images, like that of grating
and plaid stimuli, can result from modulation of early
visual processing.

1.2. The locus of sensitisation effects: Exploring

retinotopic specificity

We address this issue by exploring the retinotopic
specificity of the effects of sensitisation to spatial scale.
At early stages of visual analysis, such as the primary
visual cortex (V1), the visual field is retinotopically
mapped in the brain (De Valois & De Valois, 1988; Too-
tell, Silverman, Switkes, & De Valois, 1982). Thus, if
flexible scale use results from attentional modulation
of SF channels at early stages of visual analysis, then
it should be possible to sensitise observers (as in Oliva
& Schyns, 1997—described above) to a different band
of SF�s at separate retinal locations. That is, flexible
scale use should be retinal location specific at sufficiently
fine resolutions to rule out the involvement of later stag-
es of visual analysis such as the inferior temporal cortex.

The above possibility is supported by work on spatial
attention, which has shown retinal location-specific en-
hanced stimulus processing. For instance, Posner
(1980) reports that detection and discrimination are en-
hanced at cued locations in the visual field relative to un-
cued locations (see also Eckstein, Shimozaki, & Abbey,
2002 for an analysis of these effects). Spatial attention
has also been shown to affect perceptual sensitivity at
low-levels using signal detection paradigms (Bashinski
& Bacharach, 1980; Hawkins et al., 1990), and vernier
acuity tasks (Shiu & Pashler, 1995). Further, attention
directed towards a specific location enhances spatial res-
olution at that location (Yesherun & Carrasco, 1999).
Recently, it has been suggested that covert spatial atten-
tion operates on the basis of the specific cued retinal
location (with the smallest tested separation at 2.3�),
rather than an environmental reference point (Barrett,
Bradshaw, Rose, Everatt, & Simpson, 2001). Spatial
attention can be tuned to a very small area (Eriksen &
Hoffman, 1972; LaBerge, 1983; Yantis, 1998) and this
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location tuning can have an early locus (as early as
60 ms post-stimulus—Luck, 1998; Yantis & Johnston,
1990). These effects of spatial attention may reflect
task-dependent modulation of early, retinotopically
mapped, stages of visual analysis. There is now consid-
erable evidence that spatial attention can modulate visu-
al processing at stages as early as V1 and in other
retinotopic visual areas (for recent reviews see Posner
& Gilbert, 1999; Sengpiel & Hübener, 1999). Using
fMRI, attention to cued locations has been found to
modulate activity in V1 in a variety of tasks (Tootell
et al., 1998; Gandhi, Heeger, & Boynton, 1999; Somers,
Dale, Seiffert, & Tootell, 1999; Martinez et al., 2001).
Similarly, recordings from single cells have revealed
the involvement of V1, V2, and V4 in focal attention
(Motter, 1993).

Perhaps closest to the approach taken here, previous
research on perceptual learning has used retinotopic
specificity as a marker for the involvement of early vi-
sion. A number of studies have found that improvement
resulting from repeated practice on a variety of tasks
such as pop out detection (Ahissar & Hochstein, 1996,
1997), vernier discrimination (Fahle, Edelman, & Pog-
gio, 1995), and sinusoidal grating detection (Sowden,
Rose, & Davies, 2002) fails to transfer to a different ret-
inal location from the training location. Such positional
specificity has been considered as evidence that V1 or
other early stages of visual processing may be involved
(Dill, 2002).

Here, we adopt a similar approach. In three experi-
ments we tested retinotopic specificity of sensitisation ef-
fects using SF filtered scenes and hybrids. The idea
common to these experiments is simple: we sensitised
observers to low-pass or high-pass scenes at (a) particu-
lar location(s) in the visual field during a scene categor-
isation task. Subsequently, for Experiments 1 and 2, and
unknown to the observer, we displayed hybrid images to
test for transfer of sensitisation to different retinal loca-
tions. In Experiment 3, we replaced hybrid with incon-
gruent trials. These incongruent trials, used to address
a possible response bias explanation of Experiments 1
and 2, consisted of images containing a scene at the
opposite scale to that to which the observer was sensi-
tised for each location (plus noise at the sensitised scale).
We examined category judgements in the hybrid (Exper-
iments 1 and 2) and incongruent (Experiment 3) trials to
indicate which scale participants attended to. Lack of
transfer across retinal locations indicated retinotopic
specificity of effects of sensitisation to spatial scale.
2. Experiment 1

In this experiment, we studied simple retinotopic
specificity of effects of sensitisation to spatial scale, by
testing transfer of sensitisation from one visual hemi-
field to another. Observers completed a sensitisation
regime very similar to that reported by Oliva and Schyns
(1997), except that opposite visual hemi-fields were sen-
sitised to the opposite ends of the SF spectrum. Observ-
ers categorised a range of scenes as �highway� or �city�.
Computerised scene images were low- or high-pass fil-
tered and combined with structured noise at the oppo-
site scale, which meant that diagnostic information
was restricted to only one end of the SF spectrum. In
a sensitisation stage, observers categorised low- and
high-pass scenes in opposite hemi-fields and, in a test
stage, transfer of sensitisation to the opposite hemi-field
was tested on hybrid images presented at each location.
There were two transfer conditions: in the horizontal
separation condition transfer across the vertical meridi-
an between the left and right hemi-fields was tested, in
the vertical separation condition transfer across the hor-
izontal meridian between the upper and lower hemi-fields
was tested. Vertical separation was tested to rule out
possible hemisphere-specific sensitisation explanations.
If sensitisation effects are retinal location specific, then
sensitisation to low or high SF�s in a given hemi-field
should fail to transfer to the opposite hemi-field. As a re-
sult, a hybrid image should be perceived orthogonally
depending on which hemi-field it was displayed in.

2.1. Method

2.1.1. Observers

Twenty-six psychology undergraduates took part in
the experiment. They all had normal or corrected to nor-
mal vision. They were paid a fee or offered course credits
for their participation.

2.1.2. Stimuli and apparatus

Stimuli were constructed from a set of 80 highway
and 80 city greyscale images. In addition, 64 structured
noise patterns were created (described below). Two
types of stimuli were constructed for ‘‘sensitisation’’
and ‘‘test’’ trials. Sensitisation stimuli (see Figs. 1A
and B) comprised a low- or a high-pass scene combined
with structured noise filtered in the opposite way to that
of the scene (i.e., low-pass scene vs. high-pass noise or
vice versa). Test stimuli (‘‘hybrids’’—see Fig. 1C) were
a combination of a low-pass (low-spatial frequency—
LSF) scene of one category and a high-pass (high-spatial
frequency—HSF) scene of the other (i.e., low-pass city
vs. high-pass highway or vice versa).

Cut-off frequencies for low- and high-pass image fil-
ters were obtained through pilot work making sure that
the resulting hybrids did not produce any inherent bias-
es towards a given end of the scale (i.e., non-sensitised
observers reported seeing the LSF and HSF components
of hybrids equally often). Observers completed one of
two conditions in the experiment which used different
stimulus display locations (see below). In one condition



Fig. 1. Examples of stimuli used in the present study: (A) low-pass
highway combined with high-pass structured noise; (B) high-pass city
combined with low-pass structured noise; (C) a hybrid—low-pass
highway combined with high-pass city.
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(horizontal separation—HORS), stimuli were separated
along the horizontal meridian and were displayed on
either side of the vertical meridian. In the other condi-
tion (vertical separation—VERS), stimuli were separat-
ed along the vertical meridian, and presented in the
upper- and lower-visual fields. Pilot work suggested that
the use of slightly different filter cut-offs for the two con-
ditions would be optimal. The cut-off frequencies for
low- and high-pass filters for the HORS condition were
0.9 and 3.6 cycles/deg, and those for the VERS condi-
tion were 0.8 and 3.2 cycles/deg. For both sets of cut-
offs, the low–high separation was two octaves thereby
minimising any overlap of SF filter sensitivities (De Va-
lois & De Valois, 1988).

Sixty-four images in each category were used to cre-
ate sensitisation images and the remaining 16 were used
to create hybrids. The combination of 64 scenes and 64
noise patterns for the sensitisation stimuli, and of 16
city and 16 highway images for the hybrids was
randomised. Image filtering was carried out using a
two-dimensional fast Fourier transform and a two-
dimensional Butterworth filter. The resulting LSF and
HSF images were added together to form either a
sensitisation stimulus (scene + noise) or a hybrid
(scene + scene).

Structured noise patterns were created also by using a
fast Fourier transform in the following way. For each
noise pattern, the SF spectrums of a city and a highway
exemplar were computed. While all magnitude and ori-
entation content was preserved, the phase information
of each scene was randomly ‘‘shuffled’’ to an equal de-
gree. The two ‘‘phase-shifted’’ images were then added
together. The resulting noise pattern thus consisted of
the same SF�s, at identical magnitude and orientations
as those of the city and highway exemplars, but with
random phase. This was done so that while no meaning-
ful information was present in the noise patterns, due to
the similarity of their SF content to those of the scene
images, they should cause maximum interference to
the relevant SF filters.

The stimuli were displayed on an EIZO FlexScan
F980 CRT monitor driven by a Cambridge Research
Systems 2/5 Visual Stimulus Generator, with a total
display area subtending 20.7� (horizontal) by 15.5�
(vertical) visual angle. Viewing distance was secured
using a head and chin rest at 110 cm. Stimuli were dis-
played on a black background and measured
4.07� · 4.07�. In the HORS condition, stimuli appeared
in either the left visual field or the right visual field.
These two locations were centred vertically on the
screen and were located 8.04� (centre of screen to cen-
tre of image) either side of the central fixation-cross
(1�). In the VERS condition, stimuli were displayed
either in the upper or the lower hemi-field, located
7.04� (centre to centre) below or above the fixation-
cross, and centred horizontally.
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2.1.3. Procedure

Observers were assigned to the HORS or VERS con-
ditions. Further, within each condition, they were ran-
domly assigned to one of two sensitisation regimes to
counterbalance the particular scale to be sensitised in
each hemi-field (HORS, LSF-left/HSF-right and vice
versa; VERS, LSF-upper/HSF-lower, and vice versa).
First, observers were shown full-bandwidth example
scenes (a highway and a city), positioned on the display
at locations relevant to each condition (left and right or
upper and lower). They were instructed that they would
be shown, very briefly, one image at a time in either one
of these two positions, unpredictably. Their task was to
report whether each image was of a highway or a city. It
was explained to them that because of the spatial uncer-
tainty, the optimal way of doing the task successfully
was to look at the central fixation-ross, and use their
peripheral vision to detect the images. Further, they
were also warned that the images would be somewhat
distorted. They were instructed that the experiment con-
sisted of two parts: the first part was ‘‘for you to im-
prove in this task and so you will receive feedback’’;
while in the second part there would be no feedback.

In the ‘‘sensitisation stage’’, observers were shown
‘‘filtered-scene + noise’’ combinations in accordance
with their sensitisation regime (LSF-scene + HSF-noise
in one hemi-field and the reverse in the other, or vice
versa). Trials were completed in blocks of 16. The max-
imum number of sensitisation trials that any observer
had to complete was 256 (16 blocks). However, if an
observer was able to complete two consecutive sensiti-
sation blocks with only one error (or less) per block,
then this stage was over for him or her. Each block of
16 trials consisted of 8 ‘‘LSF-scene + HSF-noise’’ and
8 ‘‘HSF-scene + LSF-noise’’ images, presented at the
relevant locations. Of the eight images of each type, four
contained a highway and four contained a city. In this
stage, observers heard two distinct sounds to indicate
a correct or incorrect response.

In the ‘‘test’’ stage observers continued viewing sensi-
tisation stimuli but, unknown to the observer, test stim-
uli (‘‘hybrids’’) were randomly interleaved. There were
16 hybrids and 48 sensitisation stimuli in this stage.
The scene–noise composition of the sensitisation stimuli
was the same as in the sensitisation stage. Of the 16 hy-
brids, 8 were presented in each hemi-field, of which 4
consisted of an LSF highway and an HSF city and 4
consisted of the opposite. Observers continued reporting
whether they perceived a highway or a city, only they no
longer received feedback.

The trial sequence in both stages was as follows. The
central fixation-ross appeared at the start of each trial.
Observers were instructed to make sure of fixating the
cross and then to press the space bar on the PC key-
board to start the trial. After 500 ms, the fixation-cross
disappeared and the image was displayed for 125 ms in
one of the two possible locations (left or right hemi-field
in the HORS condition; upper or lower hemi-field in the
VERS condition). The observer�s response was followed
by a feedback tone (only in the sensitisation stage) and
the fixation-cross reappeared signalling the start of the
next trial. The short (125 ms) stimulus duration was
used to ensure that the retinal location of the stimuli
was fixed from trial to trial, assuming correct fixation
at stimulus onset.

The sensitisation stimuli used in the sensitisation
stage were different from those used in the test stage.
Each sensitisation scene was used a maximum of two
times: once as an LSF and once as an HSF-scene (hence
once in each hemi-field). Each hybrid in the test stage
was shown only once. Observers recorded their respons-
es by pressing one of two buttons on a game-pad, to
indicate �highway� or �city�. At the end of the experiment,
observers were shown a hybrid and were debriefed. They
were asked whether they had been explicitly aware of
seeing both scenes at the same time during the
experiment.

2.2. Results

For all analyses in the present study, we present the
data for observers who reached a 70% accuracy level
on the sensitisation trials (scene + noise), to ensure suc-
cessful sensitisation. One observer in the HORS condi-
tion and four in the VERS condition failed to reach
that criterion, leaving 9 and 12 successfully sensitised
observers in the horizontal and vertical conditions,
respectively.

2.2.1. Sensitisation stage

Seven of the 9 observers in the HORS condition, and
11 of the 12 observers in the VERS condition needed to
complete all 16 blocks of the sensitisation stage. The
remaining two in HORS needed only 11 and 4 blocks,
respectively, and the remaining one in VERS needed
10 blocks to reach criterion. Fig. 2 shows blocked scene
recognition performance summed across the two hemi-
fields (hence across LSF and HSF scenes, which did
not differ significantly—F < 1 in below ANOVA) for
the sensitisation stage (the first 16 blocks), and for the
sensitisation trials in the test stage (the last three blocks).
It can be seen that performance improved across sensiti-
sation trials in both conditions. An ANOVA with with-
in-subjects factors block (19) and scale (2), and a
between-subjects factor of condition (2) revealed a signif-
icant main effect of block; F (8.605, 137.673) = 5.42,
p < 0.0005. As mentioned above, there was no effect of
scale (LSF and HSF performances equal). No other ef-
fects were statistically significant; performance in the
two conditions did not differ, and both groups showed
a similar pattern of improvement across blocks of
sensitisation.
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stage. Error bars represent ±1 standard error.
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2.2.2. Test stage

Crucially, observers were shown hybrids (scene + s-
cene) interleaved among the sensitisation trials (sce-
ne + noise) in the test stage. In the debrief phase none
of our observers reported being aware of the hybrids;
they consciously perceived only one scene at a time
throughout. Fig. 3 shows average responses to hybrids
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Fig. 3. Percentage of hybrid trials where the LSF component
(=100% � percent-HSF) was reported, across two hemi-fields sensi-
tised to opposite spatial scale, for HORS and VERS conditions in
Experiment 1. For half the sample in the HORS condition, left and
right hemi-fields were sensitised to LSF and HSF scenes, respectively,
while the opposite pattern was true for the rest. Similarly half the
sample in the VERS condition were sensitised to LSF and HSF scenes
in the upper and lower hemi-fields, respectively, while the rest were
sensitised to the opposite pattern. The dashed line shows the 50% no-
bias level, which would be expected if no sensitisation had occurred.
Error bars represent ±1 standard error.
presented in the LSF and HSF-sensitised hemi-fields.
The measure we plot on the y-axis is the average per-
centage of trials where observers reported seeing the
LSF component of a hybrid, since this is complementary
to percent HSF choice (%HSF = 100 � %LSF). It can
be seen that findings were similar in the HORS and
VERS conditions (F < 1). In HORS observers showed
a bias of 62.5% towards LSF in the LSF-sensitised field,
while LSF choice dropped to 37.5% in the HSF-sensi-
tised field (HSF bias = 62.5%); retinal-location-depen-
dent bias varied perfectly symmetrically around 50%.
Similarly, in VERS, the LSF bias was greater (54.17%)
in the LSF-sensitised hemi-field and dropped in the
HSF-sensitised hemi-field (39.58%, HSF bias =
60.42%). An ANOVA with the within-subjects factor
type-of-sensitisation (LSF and HSF) and the between-
subjects factor condition (HORS and VERS) revealed
a significant main effect of type-of-sensitisation (F (1,
19) = 12.30, p < 0.005). There was no main effect of
condition and no interaction between condition and
type-of-sensitisation (F < 1). Observers reported the
LSF component of a hybrid more frequently in the
LSF-sensitised hemi-field than in the HSF-sensitised
hemi-field; sensitisation to spatial scale was specific to
visual field. This pattern did not differ across the hori-
zontal and vertical separation conditions. LSF choice
averaged across the two retinal locations was exactly
50% in HORS and close to 50% (46.88%) in VERS, indi-
cating no inherent overall bias to either scale, and con-
firming the findings from our pilot cut-off estimation
study (see stimuli).

2.3. Discussion

Experiment 1 provided evidence that not only can
spatial scale processing of natural scenes be sensitised
towards a particular scale, but also that such sensitisat-
ion can be retinal location specific. After being sensitised
to opposite scales in two different retinal locations,
observers perceived the same hybrid stimuli orthogonal-
ly (LSF vs. HSF) depending on to which location they
were presented. Further, the finding that observers were
unaware of the hybrid images suggests that attention
channelled towards a particular scale at a particular ret-
inal location might cause the observer to ‘‘lock on’’ to
the sensitised component of a hybrid and miss the pres-
ence of the stimulus at the non-sensitised scale. Further,
observers were never given any explicit information
regarding the SF composition of the images. Indeed,
they did not seem to be explicitly aware of the distinc-
tion between LSF and HSF images during the debrief
phase—a direct question regarding this issue was asked
later in Experiment 2.

Although we found clear evidence for specificity to
retinal location across visual hemi-fields, the conclusions
that can be drawn from these findings in relation to our
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main claim (that flexible scale use involves early cortical
sites) are limited. For instance, it is possible that observ-
ers sensitised entire hemi-fields to the relevant spatial
scale rather than the precise locations of stimulus pre-
sentation within those hemi-fields. Such sensitisation
could be accomplished at relatively late stages in the
visual processing hierarchy where cells with large recep-
tive field sizes are commonly found (cf. Kastner et al.,
2001). Consequently, in Experiment 2 we sought to elim-
inate this possibility by sensitising the two quadrants of
the visual field within each hemi-field to opposite scales.
3. Experiment 2

In this experiment, we intended to rule out the expla-
nation that observers were simply sensitising entire
hemi-fields to one spatial scale. We used the same design
as that in the previous experiment but this time divided
the display into four quadrants, and sensitised observers
to separate spatial scales in the upper-left and lower-
right vs. upper-right and lower-left quadrants. A further
aim of this experiment was to measure the location spec-
ificity of sensitisation across smaller retinal distances.
Thus, whereas in Experiment 1 the separations between
the centres of images presented either side of the hori-
zontal and vertical meridians were 16.07 and 14.07�,
respectively, here we separated our stimuli by 7.7� hori-
zontally, and 7.9� vertically (note that at this distance
the separation of the inside edges was just 3.63� horizon-
tally and 3.83� vertically). Research has established that
receptive field (RF) sizes increase with the stage of visual
processing (Kastner et al., 2001; Smith, Singh, Williams,
& Greenlee, 2001). At an eccentricity of about 6� (retinal
eccentricities in our Experiment 1 were 8.04� and 7.04�
in the HORS and VERS conditions, respectively, and
the eccentricity in this experiment was 5.6�), RF sizes
in early macaque visual cortex range from about 0.5�
in area V1 to about 6–7� in areas V3A and V4. Visual
areas involved in later stages of processing such as area
TE and TEO in the monkey and human temporal cortex
have receptive field sizes that are larger than 7� (TEO)
and typically as large as 26� in TE (Kastner et al.,
2001). Thus, lack of transfer of sensitisation effects be-
tween the closer retinal locations used in this experiment
would be consistent with the involvement of relatively
early stages of visual processing prior to temporal
cortex.

3.1. Method

3.1.1. Observers

Sixteen psychology undergraduates took part in the
experiment. They all had normal or corrected to normal
vision. They were paid a fee or offered course credits for
their participation.
3.1.2. Stimuli and apparatus

Stimuli and apparatus were the same as those used in
Experiment 1. The display was divided into four quad-
rants and the images could appear in any one of them.
The diagonal distance between the centre of display
and the nearest corner of stimuli in each quadrant was
2.7�. The horizontal distance between the upper-left
and upper-right, and between the lower-left and lower-
right quadrant stimuli (centre to centre) was 7.7�. The
vertical distance between the upper and lower-left and
between the upper and lower-right quadrant stimuli
was 7.9� (centre to centre). Note that these distances
were just 3.6� and 3.8�, respectively, between the inside
edges of the stimuli. Optimal filter cut-offs for the new
eccentricities were once again estimated through pilot
work; low- and high-pass cut-offs used were 0.75 and
3 cycles/deg, respectively.

3.1.3. Procedure

Observers were randomly allocated into two sensiti-
sation patterns: LSF sensitisation in the upper-left and
lower-right quadrants and HSF sensitisation in the
upper-right and lower-left quadrants, or the opposite.
Trial and stimulus numbers for each quadrant was half
that for a given hemi-field in Experiment 1, adding to
the same total for each type of sensitisation field (LSF
vs. HSF). Pilot work suggested that sensitisation in this
four-quadrant task can be less efficient due to the in-
creased difficulty involved. Therefore, we used a 2-con-
secutive-day training regime in this experiment. On the
first day, observers completed 16 blocks of sensitisation
trials, exactly as in the sensitisation stage of Experiment
1. On the second day, they did the same followed imme-
diately by a test stage, again identical to that in Experi-
ment 1 except for the quadrant display. In the debrief
phase, in addition to being asked whether they were
aware of the two-scene hybrids, observers were told
about coarse and fine images and how they were distrib-
uted across the quadrants during sensitisation, and
asked if they were aware of this.

3.2. Results

Three of our 16 observers failed to reach the success-
ful sensitisation criterion of 70% accuracy in the test
block and were excluded from the following analyses.
All observers needed to complete all 16 blocks of sensi-
tisation trials on the first day, and all but one of the
observers completed all 16 of the sensitisation stage
blocks on the second day (the remaining observer need-
ed 13 blocks to reach criterion). Fig. 4 shows blocked
scene recognition performance summed across the four
quadrants (hence across LSF and HSF scenes, which
did not differ significantly—F < 1 in below ANOVA).
The total number of sensitisation blocks that were
completed by the observers over the 2 days was 35 (32
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sensitisation stage blocks, and three sensitisation blocks
in the test stage), and observers showed a significant
improvement across these blocks (F (7.995,
87.944) = 2.45, p < 0.05).

In this experiment observers were sensitised to each
scale in two different locations. So, for example, a given
observer might be sensitised to LSF scenes in the upper-
left and lower-right quadrants. Thus, for the responses
to the hybrid stimuli, we first looked to see if there were
any differences between the two locations for each scale,
and found no differential effects across locations within
each type of SF (p > 0.7 for both SF�s). Therefore, in
subsequent analyses, we combine responses across the
two locations used for each scale. As in the previous
experiment, none of the observers reported seeing a hy-
brid stimulus at any point. In addition, they indicated
that they were unaware of the coarse–fine distinction
and which quadrants each type of image could appear
in during the experiment.

The findings in this experiment were similar to those
in Experiment 1. Fig. 5 shows average percent LSF
choice in the LSF and HSF-sensitised fields. It can be
seen that once again, LSF bias was higher (56.73%) in
the LSF quadrants and dropped (38.46% � HSF
bias = 61.54%) in the HSF quadrants. This difference
in LSF bias between the LSF and HSF-sensitised quad-
rants was statistically significant; t (12) = 2.50, p < 0.05.
To express this in another way, the combination of LSF
bias in the LSF quadrants and HSF bias in the HSF
quadrants (i.e., the percentage of with-prediction
responses) was 59.13%. The average LSF bias across
all fields was 47.6% (not different from 50%; p = 0.7)
indicating once again, no overall bias towards a partic-
ular scale.
3.3. Discussion

Experiment 2 provided further support for retino-
topic specificity of sensitisation to spatial scale. Cru-
cially, we found evidence for retinotopic mapping at
a finer resolution than in Experiment 1; sensitisation
to a particular spatial scale was specific to a given
quadrant of the display, where the horizontal and ver-
tical centre-to-centre distance between the stimulus
locations was 7.7� and 7.9� (3.6� and 3.8� inside edge
to inside edge), respectively. As mentioned above, RF
sizes in the monkey visual cortex increase with level
of visual processing; ranging from about 0.5� in V1
to about 6–7� in V4 and V3A, and increases substan-
tially at later stages such as TEO and TE to as much
as 26�. The level of retinotopic specificity we report
here suggests therefore that such late stages may not
be involved.

None of our observers reported being aware of the
hybrid stimuli. Further, observers stated that they were
not explicitly aware that some scenes were coarse and
some fine, and that this determined where on the screen
they were presented. However, despite our observers�
assertions, there is the possibility that a response bias
could explain the findings from Experiments 1 and 2.
After the long run of sensitisation trials, observers
may at some level have perceived both components
of a hybrid, but have been biased toward reporting
the sensitised component of the hybrid because that
is what they had been trained to do. Consequently,
in Experiment 3, we sought to rule out this explanation
using �incongruent� single-scene plus noise stimuli in-
stead of hybrids in the test stage. These incongruent
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images were orthogonal to the observers� sensitisation
pattern; the scene component of the image was present-
ed at the scale orthogonal to the sensitised scale and
the noise component was presented at the sensitised
scale. If a response bias is responsible for hybrid per-
formance in Experiments 1 and 2, then for these incon-
gruent trials we should expect to find that observers are
equally able to categorise the scenes present in the non-
sensitised SF�s.
4. Experiment 3

As in Experiment 2, we sensitised observers to a par-
ticular SF depending on the quadrant of presentation
using the same scene + noise stimuli, and they were then
tested across 64 trials (test stage) without feedback.
However, whilst hybrids were used in the test stage of
Experiment 2, here we randomly interleaved single-scene
incongruent trials where the SF of the scene component
was orthogonal to the observers� sensitisation (at each
particular quadrant of presentation). Where observers
were sensitised to HSF-scene + LSF-noise images (or
LSF-scene + HSF-noise images), the incongruent trials
were LSF-scene + HSF-noise images (or HSF-sce-
ne + LSF-noise images).

We predicted that scene categorisation performance
would be worse for incongruent trials than for the sen-
sitisation trials of the test stage (hereafter referred to as
congruent trials). If observers are sensitised to a partic-
ular SF at a particular location, such sensitisation will
drive observers to attend to the sensitised component
of an incongruent image, which would be the noise
component. Perceiving the noise component would re-
duce performance since there is no scene information
present here. Such a performance decrement would
suggest that a response bias cannot account for the
findings in Experiments 1 and 2. However, there is
the possibility that on finding no valid scene informa-
tion at that scale, observers may be forced to switch
to attending to the non-sensitised component of the im-
age. This would be available in ‘‘iconic memory’’ and
may bring performance on incongruent trials up to
the same level as congruent trial performance, conceal-
ing the effect of retinotopic sensitisation to spatial
scale. Thus, backward masking with noise was used
in the test stage, to prevent such immediate retrieval
of the scale-incongruent scene.

4.1. Method

4.1.1. Observers

Thirty-four University of Surrey students took part
in the experiment. They all had normal or corrected to
normal vision. They were paid a fee or offered course
credits for their participation.
4.1.2. Stimuli and apparatus

Stimuli and apparatus were the same as those used in
Experiment 2. The screen was divided into four quad-
rants and the images could appear in any one of them.
The distances between the quadrants were identical to
those in Experiment 2. For the noise masks, 80 struc-
tured noise patterns were created as described in the
method of Experiment 1.

4.1.3. Procedure

As in Experiment 2, observers were randomly as-
signed to one of two sensitisation patterns: LSF sensiti-
sation in the upper-left and lower-right quadrants and
HSF sensitisation in the upper-right and lower-left
quadrants, or the opposite. Like Experiment 2, on both
days observers completed a maximum of 16 blocks of
sensitisation trials, and on day two this was immediately
followed by the test stage. The test stage consisted of
four blocks, each block containing 12 sensitisation trials
and 4 test trials. Observers were not informed that there
were two different kinds of trials in the test stage. Like
Experiments 1 and 2, there were four types of image
(HSF city, HSF highway, LSF city, and LSF highway).
For each block, three sensitisation trials and one test tri-
al were presented in each quadrant, the scale of which
corresponded to the observer�s sensitisation pattern.
Across the four blocks, equal numbers of highways
and cities were presented in each quadrant. All trials
in the test stage were backward masked by, randomly
selected, structured noise patterns. Thus, for each trial
in the test stage one image was presented in one of the
four quadrants for 125 ms, and then a randomly selected
noise mask was displayed in this same location, disap-
pearing once the observer had made their response.

4.2. Results

Sixteen of our 34 observers failed to reach the suc-
cessful sensitisation criterion of 70% accuracy in the test
stage and were excluded from the following analyses.

4.2.1. Sensitisation stage

Of the remaining 18 observers, all but one needed to
complete all 16 blocks of sensitisation trials on the first
day (one observer completing 12 blocks) and all observ-
ers completed all 16 sensitisation stage blocks on the
second day. Fig. 6 shows blocked scene recognition per-
formance summed across the four quadrants (hence
across LSF and HSF scenes, which did not differ signif-
icantly—F < 1 in below ANOVA). The total number of
sensitisation stage blocks that were completed by the
observers over the 2 days was 36 (32 in the sensitisation
stages and 4 in the test stage) and it can be seen that per-
formance improved throughout the sensitisation and
test stages. An ANOVA with within-subjects factors of
block (36) and scale (2) revealed a significant main effect
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of block; F (10.843, 173.481) = 2.27, p < 0.05. No other
effects were statistically significant.

4.2.2. Test stage

As in Experiment 2, observers were sensitised to not
only two different scales but were also sensitised to each
of these scales in two different locations. We first looked
to see if there were any differences between the two loca-
tions for each scale for both congruent and incongruent
trials, and found no differential effects across the loca-
tions for each type of SF for both trial types (p > 0.1
for both SF�s in congruent trials; p > 0.3 for both SF�s
in incongruent trials). Thus, we combined responses
across locations for each scale for both trial types. We
then looked to see if there were any differences between
the scales for both trial types. For both congruent trials
(t (17) = �0.546, p > 0.5) and the incongruent trials
(t (17) = 0.108, p > 0.9) there were no differences be-
tween LSF and HSF trials. Therefore, we also combine
responses across the two scales for both trial types.

Combining responses across location and scale for
both trial types allowed us to compare the total number
of correct scene categorisation responses for the congru-
ent trials (M = 77.55%, SE = 2.82) to that of the incon-
gruent trials (M = 72.57%, SE = 1.15). We found that
congruent trials performance was significantly better
than incongruent trial performance; t (17) = �1.903,
p < 0.05.

4.3. Discussion

The results from Experiment 3 show that observers
were more accurate in recognising the test stage images
when the spatial scale of the scene matched the scale of
the scenes presented in that location during sensitisation
(congruent trials) than when the scene was of the
orthogonal scale (incongruent trials). The reduction in
recognition performance for incongruent trials provides
further evidence that spatial scale processing of scenes
can be sensitised towards a particular scale. Further-
more, the results imply that sensitisation is retinal loca-
tion specific. The reduced performance in incongruent
trials meant that sensitisation did not transfer to alterna-
tive locations. For instance, observers sensitised to LSF
scenes in the upper-left quadrants were better at recogn-
ising the LSF scenes than HSF scenes in this location,
despite being sensitised to HSF scenes in the adjacent
upper-right and lower-left quadrants. Most importantly,
these results suggest that the findings in Experiments 1
and 2 could not be explained purely in terms of a re-
sponse bias. The enhancement in recognition on the con-
gruent trials as compared to the incongruent trials in
Experiment 3 is difficult to attribute to a response bias
because valid scene information is never presented at
both scales.
5. General discussion

In three experiments, we investigated whether flexible
scale use as a result of sensitisation is specific to retinal
location. We sensitised observers to a particular band of
SF�s by presenting them with a stream of either low- or
high-pass filtered scenes (combined with structured
noise at the unoccupied SF�s) at different locations in
the visual field, and asked them to categorise the scenes
as ‘‘city’’ or ‘‘highway’’. In Experiments 1 and 2, we then
interleaved hybrid stimuli (both a city and a highway
with opposite SF content) in amongst the sensitisation
images, at all retinal locations. The category of the scene
that an observer reported on a hybrid trial at a given
location indicated his/her SF bias at that location. We
found that not only did observers sensitise to a particu-
lar scale at a given location, but also that this sensitisat-
ion did not transfer to an alternative location. However,
there was the possibility that a response bias could ex-
plain the performance on the hybrid trials; participants
might have perceived both components but reported
the appropriate SF component of the hybrid because
that was what they were trained to do during sensitisat-
ion. In Experiment 3, we explored this issue by replacing
hybrids with incongruent scene plus noise stimuli. The
SF�s of the scenes in these incongruent trials were
orthogonal to the SF�s of the scenes observers had been
sensitised to. We found that categorisation performance
on these incongruent trials dropped below performance
on congruent (sensitisation) trials. Observers were sensi-
tised to expect scenes in a certain SF band in each loca-
tion and performance suffered on incongruent trials
because the meaningful scenes were not present at the
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expected SF�s. Therefore, a response bias explanation
does not account for the hybrid performance in Experi-
ments 1 and 2 since Experiment 3 suggests that sensiti-
sation actually influences the perception of the SF
filtered images.

The retinotopic specificity of sensitisation was found
across both large (14.07� and 16.07�) and relatively
small (7.7� and 7.9�) areas in the visual field. It is impor-
tant to note however that as mentioned earlier, the sep-
arations were smaller between the inside edges of the
stimuli (10� and 12� in Experiment 1, and 3.6� and
3.8� in Experiment 2). It is possible to argue therefore
that the specificity of sensitisation effects might be even
higher than our conservative image-centre to centre sep-
aration figures suggest. For instance, it is possible that
cells with receptive fields as small as 4� or 5� would cover
the inside edge of both images. If the output of such cells
were used then we should expect a failure of location-
specific sensitisation. However, this has not been ob-
served here suggesting such cells did not mediate
responses and therefore implying earlier stages of pro-
cessing where receptive fields are less than 4–5� may be
involved in the location-specific sensitisation observed
here.

Our findings suggest the involvement of relatively
early stages of visual processing in effects of spatial scale
sensitisation. Lack of transfer across a relatively small
distance in the visual field suggests that late stages of
the visual hierarchy where RF sizes exceed this distance
are not involved (Smith et al., 2001; Kastner et al.,
2001—but see Dill, 2002 for caution). This is consistent
with our argument: flexible use of spatial scale found in
the perception of hybrid faces and scenes, either as a
function of categorisation (Schyns & Oliva, 1999;
Schyns et al., 2002) or sensitisation (Oliva & Schyns,
1997) may involve attentional modulation of early SF
channels. Our investigation is not sufficient to conclu-
sively point to V1 specifically, where the resolution of
retinotopic mapping is far finer than we tested here.
(Using very small separations is problematic; our rela-
tively large stimulus size, required for successful recogni-
tion, means that testing specificity at such fine
resolutions is only possible with considerable image
overlap.) However, we believe the evidence presented
here suggests at least that the locus of these phenomena
is not at a late stage in the visual processing hierarchy.

5.1. Review of the attentional modulation account and

findings so far

Let us review this attentional modulation account of
effects involving flexible scale use in the light of these
findings. We argue that diagnosticity can act as an atten-
tional filter in the processing of SF information. Partic-
ular types of spatial scale information can be diagnostic
for a given type of face categorisation (Schyns & Oliva,
1999) even at a specific location within the face stimuli
(Schyns et al., 2002), or according to what scale mean-
ingful information is restricted to (Oliva & Schyns,
1997), again at a given retinal location (the present
study). A similar process of diagnosticity can also be
found in the psychophysical uncertainty paradigm;
uncertainty about the SF of a sinusoidal grating elevates
contrast threshold for detection (Davis et al., 1983; Sow-
den et al., 2003). For each trial during a block of grat-
ings varying in SF, the diagnostic information is the
specific SF of the grating presented on that trial. Cru-
cially, a sound cue indicating the diagnostic scale, makes
detection more likely. Similarly, using SF filtered scene
plus noise stimuli, sound cues direct attention toward
the diagnostic scale (the SF of the scene component)
enhancing scene detection (Özgen et al., 2005). In all
these cases, it is essential to be attending to a particular
scale, sometimes at a particular spatial location, in order
to accomplish the task. Thus diagnosticity necessitates
attention to these parameters. Evidence suggests that
attentional modulation of SF channel processing at ear-
ly stages of visual analysis may indeed be possible; (top-
down) attention to the SF of a grating (through the use
of symbolic cues) does not transfer far beyond a two-oc-
tave range of SF�s, suggesting SF tuning such as that
typical of early cortical SF channels (Sowden et al.,
2003). Task or categorisation-based diagnosticity in
the perception of complex patterns might thus drive
attention to a particular band of SF�s, modulating the
activity of SF channels in a similar fashion.
6. Conclusions

The evidence presented here is consistent with atten-
tional modulation of spatial frequency processing. Flex-
ible scale use, resulting from sensitisation, is retinal
location specific at relatively fine resolutions. The SF
tuning of attentional modulation effects in grating detec-
tion, and the retinotopic specificity of scale sensitisation
effects reported here, both imply a relatively early stage
of visual analysis, perhaps as early as V1.
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Sowden, P. T., Özgen, E., Schyns, P. G., & Daoutis, C. (2003).

Expectancy effects on spatial frequency processing. Vision

Research, 43, 2759–2772.
Sowden, P. T., Rose, D., & Davies, I. R. L. (2002). Perceptual learning

of luminance contrast detection: Specific for spatial frequency and
retinal location but not orientation. Vision Research, 42,
1249–1258.

Tootell, R. B. H., Silverman, M. S., Switkes, E., & De Valois, R. L.
(1982). Deoxyglucose analysis of retinotopic organization in
primate striate cortex. Science, 218, 902–904.

Tootell, R. B. H., Hadjikhani, N., Hall, E. K., Marrett, S., Vanduffel,
W., Vaughan, J. T., & Dale, A. M. (1998). The retinotopy of visual
spatial attention. Neuron, 21, 1409–1422.

Yantis, S., & Johnston, J. C. (1990). On the locus of visual selection:
Evidence from focused attention tasks. Journal of Experimental

Psychology: Human Perception and Performance, 16, 135–149.
Yantis, S. (1998). Control of visual attention. In H. Pashler (Ed.),

Attention (pp. 223–256). Hove, East Sussex, UK: Psychology Press
Ltd.

Yesherun, Y., & Carrasco, M. (1999). Spatial attention improves
performance in spatial resolution tasks. Vision Research, 39,
293–306.


	Retinotopic sensitisation to spatial scale: Evidence for flexible  spatial frequency processing in scene perception
	Introduction
	Sensitisation and attentional modulation of spatial frequency processing
	The locus of sensitisation effects: Exploring retinotopic specificity

	Experiment 1
	Method
	Observers
	Stimuli and apparatus
	Procedure

	Results
	Sensitisation stage
	Test stage

	Discussion

	Experiment 2
	Method
	Observers
	Stimuli and apparatus
	Procedure

	Results
	Discussion

	Experiment 3
	Method
	Observers
	Stimuli and apparatus
	Procedure

	Results
	Sensitisation stage
	Test stage

	Discussion

	General discussion
	Review of the attentional modulation account and findings so far

	Conclusions
	Acknowledgments
	References


