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Abstract

The Role of Spatial Frequency Selection in Local versus Global Perception
by
Anastasia V. Flevaris
Doctor of Philosophy in Psychology
University of California, Berkeley

Professor Lynn C. Robertson, Chair

The aim of this research is to investigate the extent to which sele¢cémnéat to spatial
frequency (SF) mediates local versus global perception in general aedciontiext of face
perception. Previous research has suggested a relationship between processimgusidbwe
SFs and local versus global perception, respectively, but the nature of thtsshlitiis
debated. The experiments reported here demonstrate that attention to lodabahdspects of
a hierarchical display biases the flexible selectiorelatively higher andelatively lower SFs
during image processing. Moreover, the attentional selection of relatinee8igtes the
perceptual integration of the identity of elements in a hierarchical digpilayhe level
(local/global) at which they occur. Finally, the attentional selectiorFas Shown to modulate
early stages of face perception reflected in the N170-effect, a neugbadlimdex of face
categorization that is particularly sensitive to face features. TR@{8ffect is found to be
equally robust in response to the selectiobatii HSFs and LSFs in face-related stimuli, but the
reliance on one SF scale or another is contingent upon the nature of the attendddtite
stimulus, and whether its configuration is intact. Taken together, this intestigeovides clear
evidence that the flexible, top-down selection of low-level SF channels mettiatesrception
of local and global elements of visual displays, both for tightly controlled empetal stimuli as
well as faces, a natural and frequently viewed hierarchical objegocgte
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1. Introduction

We perceive our environment as being hierarchically organized, such that seenes a
composed of objects, which are composed of parts, and so on. Accurate visual perception thus
requires the ability to represent elements at multiple levels of Hicalstructure. At any given
moment, we can selectively attend to the level of the components, which isdeteas “local
processing”, or to the level of the whole, which is referred to as “global gingesStudies
across cognitive, computational, neuropsychological and neurophysiological donva&ns ha
established functional hemispheric differences in hierarchical perceptiion the left
hemisphere (LH) of the brain demonstrating a local processing bias anchtheengsphere
(RH) demonstrating a global processing bias. However, though it is at¢eatalistinct but
overlapping neural and perceptual mechanisms underlie local and glolegdtimercthe nature
of these mechanisms is debated.

The picture becomes more complicated when we consider the fact that the vevieha
a particular object is perceived can vary depending on the focus of attention. fRpteexahen
viewing a forest, a tree in the forest is a local element in the global scerfaybudibcus our
attention on the tree, it becomes a global element of which its leaves, branches)laadet
local elements. Any theory of hierarchical perception must therefore prawidecount for how
the local and global levels are initially determined. Some researcherassociated the
processing of high spatial frequencies (HSFs) versus low spatial fregsi€¢b8Fs) with local
versus global perception, respectively, but it is debated whether the associthtispatial
frequency (SF) reflects a lower-level perceptual mechanism (esgkiSa001; Sergent, 1982)
or a higher-level attentional process that interacts with low level Sthelsa(e.g., Ivry &
Robertson, 1998). Other researchers have questioned if SF processing undeniesdakra
perception at all, providing alternative accounts for the hemispheric asyyohearved in local
versus global processing (e.g., Hubner & Volberg, 2005).

The present research investigates the role of SF selection in hieshpdrnception. This
investigation is three-fold: (1) In Chapter 2, | evaluate whether the assodatween SF
processing and hierarchical perception reflects a higher-level attdmtienhanism involved in
the selection ofelative SF, rather than the low-level perceptual processiratpsui ute SF.
Experiments 1-4 provide evidence for a higher- level mechanism by demmgsthati attention
directed to the local versus global level of hierarchical displays faeditttentional selection of
relatively HSFs versuselatively LSFs, respectively. (2) In Chapter 3, | consider a theory of
hemispheric asymmetry in local versus global processing that waslyguemposed as an
alternative to theories associating SF processing with hierarchicaigpen, which | will refer
to as “Hierarchical Integration” (HI) theory (Hubner & Volberg, 2005)pkiposes that the two
hemispheres differ in how they perceptually bind the shapes of elements irrehicatamage
with the level at which they occur (i.e., local or global): HI proposes thaths more
involved in perceptually binding elements with the local level and the RH is moreeadviol
perceptually binding elements with the global level. However, the nature oftégeation

! Unless otherwise noted, the phrase “hierarchicalgmion” will refer to the perception of hierarchily arranged
visual stimuli, not to be confused with the hieracal organization of the visual system in the lrai



mechanism involved has not been characterized. Although HI was proposed in contrast to
theories relating SF processing with hierarchical perception, | propaisthése two ideas can
be incorporated into a unified framework such that attentional selection of SFertiay b
medium by which HI occurs. Experiment 5 assesses this possibility. (3) In Chapéxamine
the role of SF processing in the perception of an arguably unique hierarcinncalistithe face.
Studies of face perception have revealed that analysis of the globalrsirttetufeatures, and
their second order relationships all contribute to normal face perception, butdhetexthich
different stages of face perception rely on these computations is disputedntexpériexplores
how SF scales are used to perform the computations that allow for faceotebyatixamining
how SFs in the stimulus modulate the N170-effect, a relatively early édeetise ERP
difference associated with face categorization.



2. Evaluation of the relationship between SF procesaimd
hierarchical perception: Higl-level attentional mechanisi

2.1. Hierarchical perception: Relevant background

From Gestalt psychology to more recent studiesiottional hemispheric differences
central question has been how local parts areratied into global wholes. To explore questi
of visual hierarchical processing, many studiesshemployed hierarical letter displays the
were first developed by David Navon (1977) and tlafierred to as “Navon” stimuli (Figure :
In such displays, a series of local elements (gletters, though studies have shown sinr
results using notetter shapes, e. Kimchi & Merhav, 1991) are spatially arranged tonfioa
global element of the same type. By presentingémee type of object at the local and glc
levels, hierarchical processing can be isolatechfother object recognition processes
concurrenty occur during normal perception of hierarchicahgas (e.g., an E can be global
one trial and local on another).

EEEEE
E E
EEEEE
E E
E E

Figure 1. Example Navon display. In this
example a global A is composed of local E’s.

2.1.1. Digtinct but overlapping mechanisms underlying local and global perception:
Hemispheric lateralization

When presenting Navon displays in one visual falthe other, Martin (1979) was t
first to report a functional hemispheric differenodocal versus global perception
demonstrating that participants were faster totifiethe letters at the lod level when the
displays were projected directly to the LH (i.eggented in the right visual field/RVF) and tt
were faster to identify the letters at the gloleaiel when the displays were projected directl
the RH (i.e., presented in the lefsual field/LVF).

The RH dominance for global processing and LH damde for local processing w
later corroborated by neuropsychological investiget of brai-damaged patients (Dell
Robertson & Effron, 1986; Lamb, Robertson & Knigt®89; Robertsn & Delis, 1986;
Robertson & Lamb, 1991; Robertson, Lamb & Knigl®88,; Robertson, Lamb & Zaidel, 199
These studies found that patients with lesionbéneft tempor:parietal junction (TPJ) wel
selectively impaired at perceiving local elementNavon displays, whereas patients v
lesions in the right TPJ were selectively impaiatgerceiving global elements. Similar regis
were later implicated in neurologically intact peigants using fMRI, demonstrating
hemispheric asymmetry in the BD response in the superior temporal gyrus (STG)wv
participants identified local versus global elensesft Navon displays (Weissman & Woldol
2005). However, there have also been functionagjintastudies which have found hemispht
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asymmetries in local versus global processing in earlier, occipitpetairegions (e.g., Fink et
al., 1997; Han et al., 2002, Martinez et al., 1997). Despite differences in the spgains re
implicated, studies have replicated and converged on evidence that LH functiaedtbiaard
local perception and RH function is biased toward global perception.

Importantly, the lateralized effects have not been found in the primary vistet,dout
in later visual areas, suggesting that the hemispheric functional asynmieiyarchical
perception reflects a higher-level mechanism than the mere perceptwesgimgoof low-level
features in the displays. Findings from ERP studies (e.g., Han & Chen, 1996; H&n, Liu
Woods, 2000; Heinze et al., 1998; Volberg & Hubner, 2004) corroborate this notion because
hemispheric asymmetries in local versus global perception have most ofteepeead in later
components such as N2 (260ms-350ms) and P3 (320ms-400ms) rather than in earlier
components such as C1 ( 55ms-80ms), P1 (80ms-150ms) and N1 (130ms-210ms).

2.1.2. Role of SF processing in hierarchical perception

Broadbent (1977) first proposed that the important functional distinction between local
and global levels of hierarchical displays is in their SF content. That is, &t&FRsore important
for resolving the local than global level and LSFs are more important foviregsthe global
than local level. The visual system filters incoming information into chatim&tisre tuned for
different SF bands (De Valois & De Valois, 1990), and it is thus possible thaediffeF
channels are utilized for local and global processing. Corroborating thisSieiiman and
colleagues (1986, 1987) provided evidence associating local perception with HSF pgoaedsi
global perception with LSF processing. For example, when detecting SF gifatioing a
local/global task using Navon patterns, participants were faster atinigtdSF gratings when
they had just reported a target at the local level, and they were fasterciinge SF gratings
when they had just reported a target at the global level.

According to these initial characterizations, the hemispheric asymmeéagal versus
global perception was thought to reflect slightly different tuning of HSF &rdifannels in the
LH and RH, respectively. However, subsequent studies (Christman, Kitterldig§e-H&991;
Kitterle, Christman & Hellige, 1990; Kitterle, Hellige & Christman, 1992) ssged that the
hemispheric asymmetry in SF processing arose when the output of multiple SHhaeded
to be compared, suggesting that it was not a low-level mechanism in SF propesssdVhen
participants were asked to identify sinusoidal gratings of a different SFw#re faster to
identify HSFs projected directly to the LH and LSFs projected directly to the RH, butimo suc
hemispheric differences were found when participants mdetdgted the presence of the
gratings. Moreover, the difference was one of relative SF rather than aSBluthat is the RH
advantage for the lower SF grating of a set, e.g., 3 versus 9 cycles/dédyebgnged to a LH
advantage when the same grating (3c/d) became the higher SF of the set, esgs 3o/d.

The relationship between SF selection and processing targets in hieraiidptats was
further studied by Robertson (1996) with Navon patterns that varied in their SF conteat. In t
study participants discriminated letter targets that could appednet tie global or local level
of Navon patterns and were faster at reporting a target in trial N when @regs the same
level as in trial N-1 (i.e., same-level priming). Importantly, saevellpriming occurred whether



or not the color, shape, contrast, polarity, or location of the displays changed &lam thial,

but was eliminated when the SF content of the displays changed betweemtakésnating

trials, the Navon patterns were contrast-balanced to filter out the lowerld§svas done by
adding a set of darkened dots to each pixel of the display such that the mean lumirteasce acr
each set of dots (including the central brightened pixel) summed to the meaariaenof the
background. Importantly, when the trials alternated between contrasiebdland full spectrum
displays, same-level priming disappeared. That is, SF was the only dimensieutiad
consistency across trials for the same-level priming to occur. Robertsondmshthat SFs are
used to guide attention to one or the other level of hierarchical displays. én stlaty, Lamb,
Yund and Pond (1999) replicated this finding, but found that if participants had previous
experience in a block of contrast-balanced displays, same-level primsnitp@aobserved in an
alternating (between contrast balanced and full spectrum) condition. On the lihsiseof
findings Lamb et al. (1999) argued that hierarchical displays are not ndggsssed on the
basis of their SFs as Robertson (1996) had proposed. However, as Robertson (1999) pointed out
in a response article, although these results may constrain the attentiimggypothesis, they
do not entirely explain her earlier findings. It is clear that SFs are ird/aivearsing

information into global and local levels when SF differences between the &regbresent,
though other features of a stimulus can also be valuable in parsing hierdesretsalinder
conditions when SF differences are not present.

2.1.3. Double Filtering by Frequency (DFF) theory

The hemispheric lateralization in processing relatively low versatvely high SFs,
and the association of HSFs with local processing and LSFs with global jmmgdessivry and
Robertson (1998; Robertson & Ivry, 2000) to posit the DFF theory of hemispheric spéoializ
According to this theory, there are two stages based on SF processing, and theispbdres
differ in how they amplify SF information after the initial stage. Adaag to DFF theory,
attention first selects a SF range from the incoming spectra that isuttedtfsr the current task
(e.g., what range of spatial scales is most likely to contain the tasgetWatt, 1988 for a model
of how this might work). This SF range is then fed forward to both cerebral hengisphes at
this stage that the hemispheres differ, with the LH acting as avedjatigh-pass filter,
emphasizing information from higher SFs within the range, and the RH agieelgllow-pass
filter, emphasizing the lower SFs within the range. Hence, the critstacion between DFF
and other conceptualizations of the role of SF processing in hierarchical peréeptiat DFF
theory proposes a flexible mechanism to underlie the observed hemisphermcetsgs That is,
a particular portion of the SF spectra may be preferred by the LH in one instangetia@drbi
in a difference instance depending on the stimuli present and the task. In cotlisasnodels
assume a lower-level mechanism by suggesting that the hemispheres déteient input (or
asymmetrically emphasize different input) from lower-level visuahs and thus differ in
absolute SF biases (e.g., Jacobs & Kosslyn, 1994; Sasaki et al., 2001; Sergent, 1982).

In accord with the flexible mechanism posited by DFF theory, researk@msing the
use of SF scales during visual perception have shown that SFs can be fleedbly ugluence
responses depending on the task (e.g., Goffaux et al., 2005; Loftus & Harley, 2004pM&rri
Schyns, 2001; Schyns & Oliva, 1999). For example, in the context of face perceptiams &chy
Oliva (1999) demonstrated that the initially perceived SFs (HSF versus Li§FRsva function



of the face perception task (determining if a face is expressive or not \agati/ing the
specific expression, respectively). Nonetheless, whether the hemisphegs I SF processing
reflect the flexible mechanism proposed by DFF theory has not yet been diestily, and is
the aim of Experiments 1-4.

2.2. Aim of Experiments 1-4: Appraising the flexible mechanism posited by DFF theory

Experiments 1-4 ask gelection of higher or lower SFs in a compound grating is
influenced by previously attending to the local or global level of a Navon patieath four
experiments participants viewed pairs of Navon patterns as the “primedyd{gple in each
visual field) and were asked to make same/different judgments on either ther libeaglobal
level. Following the response to the Navon patterns on each trial, one or two compound grating
with two orthogonally oriented SFs appeared as the “probe” display and particigaats w
instructed to make an orientation judgment about either the “thin lines” (HSFs), tritke
lines” (LSFs). The local/global and the HSF/LSF conditions were orthdg@ssociated
forming four possible combinations that were presented in a counterbalanced blocgedidesi
Experiment 1, two identical compound gratings were presented in the periptierysaie
locations as the two Navon patterns. In Experiment 2, only one compound grating wag@resent
after the two peripheral Navon patterns, and it was centrally located. iBepéei8 was identical
to Experiment 2 but used single letters (either small or large) as ptonese out the possibility
that adjusting the size of the attentional “spotlight” drove the effects inritngres 1 and 2 (i.e.,
due to the size correspondence between the local level and HSFs and globabl&&fs,
respectively). Experiment 4 directly examined if attention to hieraatlagel biases attention to
relative and/or absolute SF by presenting a 1.8 cycle/degree gratingelatirelyhigher SF in
the compound grating during half of the blocks and as the relatovgdy SF in the compound
grating during the other half.

In all four experiments, the two SFs within the compound grating differed in ditgnta
forcing participants to selectively attend to the task-relevant SF in tordeport its orientation.
Thus, in contrast to the previous studies (e.g., Shulman et al., 1987; Robertson, 1996), the
priming effects examined in the present studies concerned the influenceaotHical
perception on selective attention to SF rather than the perceptual processing ofsughove
SFsper se. If selection of SFs is, indeed, influenced by attending to local versus gloélal, lev
participants should be faster at selectively reporting the orientatioratedy HSF than
relatively LSF gratings during the local attention block, and they should lee &astelectively
reporting the orientation of the relatively LSF than relatively HS3fryys during the global
attention block.

2.3. Experiment 1
2.3.1. Experiment 1 Methods

Participants
Sixteen students from the University of California, Berkeley (eightfe) participated

in the experiment for course credit. All had normal or corrected-to-norsiahviThe
experiment was approved by the University of California, Berkeley Coewrfitt the Protection



of Human Subjects (CPHXInd all participants gave informed consent befamticipating The
CPHS protocohumber was 20(-3-35.

Simuli

The Navon patterns were generated using Adobe Bty™'. Seen from a distance
1m, each local ier subtended 0.7° of visual angle and was tHelveticabold font presente
on a gray background, arranged to form a globtr¢hat was 4.0° wide by 5.7° high. T
letters used were A, C, D, E, F and H, in all tiggobal and local combinationsith the
exception of congruent combinations (e.g., a gldbalade up of local A’s). This resulted in
different Navon displays.

The compound gratings were generated in M™ (Mathworks, Natick, MA) with ¢
sinusoid function for each SF. Each compound ggatirbtended 5.4° of visual angle and
composed of a 2.4c/d (13 cycles/image; c/i) gratihg relatively HSF component) and a 0.7
(4cli) grating (the relatively LSFomponent). Both SF gratings were at 100% contiidms
relatively HSF component was oriented either at(#@féd to the right) or at 135° (tilted to tl
left) and the relatively LSF component was orientethe opposite direction (Figure

Fixation
300ms
+
Prime
L ge | Response: Same or Difterent?
H H E E -4 .
fhH 4 EEEE {(Global or Local letters)
HISSHES Fixation
300ms
+
Probe
Time _ Regponge: Tilted Lett or Right?
W N SN\ | (LSFs o HSFy)
N A

Figure 2. Examyple trial from Experiment 1. Participants performed two tagks in
alternating sequence. First, two Navon figures appeared on each side of fixation until
regponge(prime). Participants indicated if they differed at the global or local level (in
geparate blocks of trialg). Followingthe prime. two identical compound frequency
aratings appeared until regponge (probe). Participants reported the orientation of the
LSFs or HSFs in the gratings (in geparate blocks of trialg).

Procedure

The stimuli were shown on a Dell 17 inch color monwith a vertical refresh rate of ¢
Hz at a resolution of 1024 x 768 pixels. Particigamere seated 1m from the screen in a d
lit room. Trial timing was controlled by Presenta™ (Neurobehavioral Systems, Albany, C
and is depicted in Figure 2. Each trial began waittentral fixation cross presented for 500
followed by two Navon patterns (the prime), on¢he left and one in the right visual field, w



the medial edge 1° from fixation. The letters remained on the screen until respamisgants
indicated if the two Navon displays were the same or different at the locatilevsd half of the
trials and they indicated if the Navon displays were the same or differentghbibaé level
during the other half of trials. Responses were made by pressing one of two key&eybttard
(either “S” for same or “D” for different, or “J” for same or “K” for dgfifent) with either the left
or right hand, which was also counterbalanced across participaatss, half of the
participants used the S and D keys (left hand) while the other half used the J andrigkeys (
hand) for the prime task. Immediately following the Navon prime, two identicapound
gratings (the probe) appeared until response in the same spatial locationsastheadtterns.

Participants indicated whether the relatively HSF components (referredttorabars”)
were oriented to the left or right in half of the trials and they indicatedwhtte relatively LSF
components (referred to as “thick bars”) were pointing to the left or right in thehathef the
trials. Responses to the grating probe were made by pressing one of two keyseyt dlaeck
(the opposite pair of keys than were used for the prime task) by the opposite hand theedthat
for the prime task. Participants thus performed four blocks of 120 trials each, thefostéch
was counterbalanced. A different combination of prime and probe tasks was usddhbloelac
In one block participants responded to the local level and then indicated whether thedHSF wa
oriented left or right. In another block they responded to the global level and themeiddica
whether the HSF was oriented left or right. In another block of trials thpgrded to the local
level and then indicated whether the LSF was oriented left or right. Fimadynother block they
responded to the global level and then indicated whether the LSF was orienteddgitt. dirior
to each experimental block participants were given 30 practice trials teegeused to the task.
Each session lasted about 30 minutes.

2.3.2. Experiment 1 Results
Probe RTs

Across priming conditions probe-performance accuracy was at ceiling @tyas not
analyzed further. RTs to the designated SF in the probe were analyzed®with analysis of
variance (ANOVA) with repeated measures. The factors were primedlleval vs. global) and
attended SF (HSF vs. LSF). Reaction times (RTSs) to incorrect responsadpeitieeprime or to
the probe, and those above or below two standard deviations of the mean (calculated withi
subject and within-condition) were excluded (~16% of total trials; 11% for ixctoresponses
and 5% for outlier RTs).This analysis revealed a significant interaction between the primed
level and attended SF, [F(1,15) = 7.1, MSe = 1293.3 p < .05; pgrtiad.32], but no significant
main effects of SF or primed level. That is, while the overall means vatigisally equivalent
across the two SF conditions (534 ms to HSF and 530 ms to LSF) and across the two primed
levels (531 ms in the local attention blocks and 534 ms in the global attention blocks), mean RTs

’ The same analysis performed without excludinggridlowed a similar pattern albeit noisier. The nie@s were:
522 ms and 542 ms following global and local pretesg respectively, in the LSF blocks and 547 nts %86 ms
following global and local processing, respectivétythe HSF blocks.



were faster to HSF probes following local (520mE,=S2¢ms) than global (548ms, SE = 35r
primes, and faster to LSF probes following glofdl9dms, SE = 22ms) than local (540ms, S
23ms) primes (Figure 3). While some subjects shdvetld simple effects (faster RTs to H
probes in the local block and to Litargets in the global block), other subjects dertrated
only one of the simple effects (e.g., faster RTES& probes in the global block but
difference in the local block or vice versa). Ndraess, the significant interaction shows
overall patern of better performance for HSF than LSF problesmattending to the local lev
and for LSF than HSF probes when attending to tbleadj level. In Figure 4, the differen
between RTs to LSF and HSF probes are plottedacn endividual. All but two articipants
(shown in gray) had an increased mean differentlearocal than global attention blocl
reflecting the consistency of the overall patterpmaing effects

600

40 W Global
OLocal

Reaction Time (1ms)

LSF HSF
SF Attendead
Figure 3. Average reaction times (RT%) to LSF and HSF targets in compound
arating probes during the global and local attention blocks in Experiment 1.

Experiment 1: Individual participant data (N = 16)
200
150
100
50

%_—-
-50
-100 /
-150
-200 /
-250

-300

Difference in RT between LSF and HSF probes
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Figure 4. Individual participant data trom Experiment 1 showing the difference between reaction tumes (RTs) to
low gpatial frequency (LSF) targets minus high spatial frequency (HSF) targets i the global and local attention
blocks. For all but two participants, thig difference wag greater in the local than global block, ag evidenced by
the increasing slope. The two participants who showed the opposite effect are shovwn in gray.



Prime RTs

| also analyzed RTs to the primes with a 2 x 2 ANOVA for repeated measures. The
factors were attended hierarchical level (local vs. global) and whétnattended probe
frequency was high or low. This analysis revealed a main effect of prifielpfr= 7.3, MSe =
9719.5, p < .05; partiaf® = 0.33], indicating that participants were faster when responding to
global (683ms) than local (746ms) primes. Although the direction of this effect isteomsvith
global precedence (Navon, 1977), there was evidence of a speed accuracy trddeqgdfime
responses: Accuracy was greater for local than global responses (94.6% ande8peXbvely)
as revealed in a main effect of attended level, [F(1,15) = 101.6, MSe = 3.8, p < .0001ypartial
= 0.87]. Importantly, this difference in prime accuracy did not interact witffohacoming)
probe’s frequency [F(1,15) < 1]. When | combined RT and accuracy into a singlerelgasu
dividing RT by proportion correct (Townsend & Ashby, 1983) and re-ran the analysgghisin
measure, | found no effects in the prime data, thus, no global precedence.

2.3.3. Experiment 1 Discussion

The results of Experiment 1 demonstrate that attention to a given hieratehataf a
Navon pattern influences the time it takes to selectively respond to the fglaigreor low SFs
in a subsequent compound grating. RTs to the relatively HSF were facilitatedifigilattention
to the local level of the Navon patterns, and response times to the relatively theFsame
compound gratings were facilitated following attention to the global levelciitient results
extend the previous findings of Shulman and colleagues (1986, 1987) because the present study
required participants to select a SF within a stimulus compound containing bottehelaigh
and relatively low SFs, whereas in their studies participants were pikgétitesimple gratings
(either HSF or LSF). Moreover, the two SFs in the present compound grating anesidered
HSF and LSF in the absolute sense. Rather, the 2.4c/d HSF grating used laseiamid-
level SF in the spectrum (DeValois & DeValois, 1988). Indeed, Shulman and coidagnd
that a 2c/d grating was associated with global perception whereas 8klgeatings of 8c/d and
16c¢/d were associated with local perception. This is an important distinctiandest is
consistent with models claiming that the relationship between SF and attentieratchical
level is more than an automatic early perceptual effect. A bottom up primeay etbuld occur
through stimulation of the same SF channels as biased by the prime rather thamige rcooi
the need to parse and then select relatively higher or lower SFs in the probe.

Before considering the implications of these findings, it is necessaryetoutia simple
explanation of the results based on a prime-induced bias of the distribution of attentiaein spa
Specifically, it is possible that the span of attentional focus varied betaesdrahd global
blocks. Participants may have adopted a wide and more distributed attentioitaltcist when
responding to the global level and a narrow, more focused attentional distribution whe
responding to the local level. Although | attempted to mitigate this problem &gmpireg
hierarchical patterns in the periphery and asking participants to make starexitljudgments
at either the global or local level across the visual field, there was no needge thea spatial
span of attention established by the prime in order to respond to the grating probes, since the
grating probes were presented in the same spatial locations as the purttesniore, it is also
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possible that stimulus size was the critical dimension, rather than attenhimmarchical level.
For example, if participants adopted a wider or narrower attentional windowfoonpeine

global versus local task, respectively, a larger attentional window could fréenh@rger LSFs
whereas a smaller attentional window could prime the smaller HSFsyFirdilil not monitor
eye movements in Experiment 1 and thus I could not rule out the possibility thappattci
made more eye movements in one condition than another. These alternative hypaheses w
tested and ruled out in Experiments 2 and 3.

2.4. Experiment 2

In Experiment 2, a single compound grating was presented as the probe at fixation a
the same/different response to the pair of peripherally presented Navon patiginsoaitored
eye movements to verify that participants maintained central fixation durimpgithe task. In so
doing, | assured that the spatial window required to perform the local prime tasktwaléy
closer in size to the window required for the LSF grating task than the windowere to
perform the global prime task. Since the prime task required a comparisonved theripheral
Navon patterns, the minimum spatial window required for the local attention block would need
to span the nearest two local letters in the two displays. In Experiment 2 ealdbtiec
subtended .7° x .7° of visual angle, and their edges were located 1° to the left and right of
fixation, resulting in a spatial window with a 3.4° diameter for the local priste Eor the
global attention block, the spatial window would need to span nearly the whole 5.7° x 4° global
letters, resulting in a spatial window with a diameter somewhere between BE.4° x
Importantly, the compound grating probe had a diameter of 5.4° centered at fixakorg iha
closer in size to the spatial window required for the local than global block. Thusgdal a |
block participants would not need to alter the span of their spatial window to perfoemtbe
LSF or HSF grating orientation task since the central grating wasnpeeswithin the span of
spatial attention. If local primes facilitate performance on HSFr#éthe LSF grating probes, a
pure spatial account of the results is unlikely.

In addition to presenting a single compound grating probe at fixation and monitoring eye
movements during both prime and probe, the Navon patterns in Experiment 2 were presented f
300ms rather than until response as in Experiment 1 to facilitate the mainteneactaif
fixation. It is important to note that the compound grating included the same SFs as in
Experiment 1 as measured in the probe, but the change in its location from the peopheral t
central visual field changed the spectral sensitivities of the visual splorthis way, the
relative frequencies in the probe remained the same, while the input visual frequeneies wer
vastly different.

2.4.1. Experiment 2 Methods
Participants

Sixteen students from the University of California, Berkeley (eightafe) participated
in Experiment 2. They received course credit for their participation. All had noroalrected-

to-normal vision. The experiment was approved by the University of Calif@ar&eley CPHS
(#2004-3-35), and all participants gave informed consent before participating.
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Simuli

The stimuli in Experiment 2 were identical to thesed in Experiment 1 except that o
one grating probe was presen(sde Figure 5)The grating subtended 5.4° in diameter
appeared at central fixation.

Procedure

The procedure in Experiment 2 was similar to Experit 1 with three differences. Fir
the Navon/letter pairs were presented for 300mevi@d by the reappearance of the fixat
cross until response. Second, eye movementsmonitored to verify that the participar
maintained fixation while the primes were preséhird, only one compound grating pro
followed the primes and it was centered at fixatiDime grating probe remained on the sci
until response. Other than g®three differences, the procedure was identidakperiment 1
Participants performed the same four blocks ofttials each, in counterbalanced order
performed the same twasks with the same counterbalanced response nugp

Fixation
300ms
+ Frime
H E 4
e Ee 3000
H H E E
HHHH + EEEE
'_Il'l |=| E = Rlanlk
Regponse: Same or Difterent?
{(Global or Local lellers)
TI'ation
SWhns
Time +

Probe
Respongse: Tilted Lett or Right?
(LSFx or HSF&)

Figure s, Example trial from Experiment 2. Participants performed two tagks i alternating sequence.
Firzt, two Navon figures appeared on each side of fixation until vesponse (prume). Participants
indicated if they differed at the global or local level (in separate blocks of trials). Following the prime.
one compound trequency arating appeared  at tisationuntilrezponse (probe). Participants reported the
ovientation ofthe L3Fs or HSFs in the grating (in separate blocks of trials).
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2.4.2. Experiment 2 Results
Probe RTs

Similar to Experiment 1, pro-performance accuracy was at ceiling (97%) and tbes
not analyzed further. RTs to the grating probesevesralyzed with a 2 x 2 ANOVA wit
repeated measures; the factors were primed llocal vs. global) and attended SF (high
low). RTs to incorrect responses, either to thenpror to the probe, and those above or be
two standard deviations of the mean were excluagdyell as any trials in which participal
moved their eyes prido the presentation of the grating probe (~15%otE trials; 10% fou
incorrect responses and 6% for outlier R® Participants had no trouble maintaining fixati
and eye movements accounted for almost none axtieded trials (i.e., the highenumber of
eliminated trials due to eye movements for a sipgiicipant was 2). As found in Experimen
there was a significant interaction between prineeel and SF [F(1,15) = 5.5, MSe = 1380.¢
< .05; partiah?® = 0.27], and there were no sigcant main effects. That is, while RTs did
significantly differ across the two SF conditio®8éms for HSF probes and 551ms for L
probes), or across the two prime conditions (548mboth local and global primes
participants were faster report HSF orientation following local (525ms, SE=27msjrilglobal
(546ms, SE=30ms) primes, and they were faster tiegdtSF orientation following globs
(540ms, SE=19ms) than local (562ms, SE=1' primes (Figure 6). Figure pgresents th
difference betweemean RTs to LSF and HSF targets for each individubject in Experimer
2, showing a similar pattern to Experiment 1, algifo slightly more variable

600 -
7 580
2 560 -
=
Z 540 - W Global
=
= OLocal
320 -

300 - —

LSF HSF
SF Attanded

Figure 6. Average RTs to LSF and HSF targets in compound @rating probes
duringthe global and local attention blocks in Experiment 2.

* The same analysis performed without excludingdrifiowed a similar pattern. The mean RTs \ 535ms and
560 ms following global and local processing, resipely, in the LSF blocks and 546 ms and 529 nfis\iang
global and local processing, respectively, in tig&FHblock
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Experiment 2: Individual participant data (N = 16)
300

250
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Global(LSF-HSF) Local(LSF-HSF)

Figure 7. Individual participant data from Experiment 2 showing the i fference
between RTs to LSF targets minug HSF targets in the global and local attention
blocks. For most participants (shovn in black) there is an increaging slope,
mdicating an increaged difference in the local than global block. Participants who
did not reflect this pattern are shown in gray.

Prime RTs

| also analyzed mean RTs to the Navon primes withlx& ANOVA for repeate
measuresvith attended level (local vs. global) and atten8&din the probe (HSF vs. LSF targ
as factors. This analysis revealed a main effeattehded level [F(1,15) = 8.0, MSe = 1369!
p < .05; partiah® = 0.35], indicating that participants were fir responding to global (755m
than local (849ms) primes as in Experiment 1. Agtnare was no effect of the probe’s SF
no interaction between attended level and SF opthbe (F(1,15) <1

The analysis of prime accuracy revealed that, ainlo Experiment 1, the main effect
attended level was qualified by a sg-accuracy tradeoff. Although accuracy was highadh
processing levels, the 2 (attended level) x 2 (8pg¢ated measures ANOVA for prir
accuracies resulted in a main effect rime level, [F(1,15) = 98.9, MSe = 15.1, p < .00
partialn® = 0.87], with the responses to local (95%) moraueate than to global (85%) prime
As in Experiment 1 | also ran the prime analysesgie combined measure (RT/proport
correct) anddund no effects of primes using this measure. Hewealespite the spe-accuracy
tradeoff found for the main effect of attended letteere was also a marginal interact
between attended level and SF [F(1,15) = 4.5, M$2.%, p = .051; partial® = 0.23], which
had the same pattern as the RTs. That is, acctodogal primes was higher in the HSF (9€
than LSF (93%) probe conditions, and accuracyaballprimes was higher in the LSF prc
condition (86%) than HSF (84%) probe condition ($ablel).
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Table 1.RT and accuracy to the primes in Experiments 12and Experiment 2, the marginal prime level x SF
interaction (p = .051) found for the prime accueacshowed the same pattern as the prime RTs. lamtlyrtthis is
the same pattern as the prime level x SF intenad¢tiond for the probe RTs. Although the prime lex&F
interaction was not statistically significant fairpe RTs or for prime accuracy in Experiment 1picion of the
means showed a similar pattern.

Experiment 1: RT and accuracy to the Experiment 2: RT and accuracy to the
primes primes
Accuracy Accuracy
RTs (ms) (% correct) RTs (ms) (% correct)
Global Local Global Local Global Local Global Local
LSF 671 746 85 94 LSF 764 849 86 94
HSF 694 746 84 95 HSF 767 848 84 96

Satistical Comparison of Experiments 1 and 2

To explore if the change in probe location from peripheral to central vision affects
performance, | conducted a statistical comparison of Experiments 1 and 2 by rammixeg-
model ANOVA with experiment (1 vs. 2) as a between-participant factor, and favel (local
vs. global) and SF (HSF vs. LSF target) as within-participant factorgsh& probe RTSs, this
analysis revealed no interactions with experiment. The only significant effsche interaction
between prime level and SF [F(1,30) = 12.5, MSe = 1337.1, p < .001; paridl.29],
reinforcing the outcome of the individual experiments.

The same analysis conducted on the prime RTs and on the prime accuraciesated mi
the results found in the individual experiment analyses and did not reveal anytionsradth
experiment. For the prime RTs, there was a main effect of attended le¥g80) 15. 2,MSe =
11207.5; p < .001; partigf = 0.34], reflecting the fact that RTs to global primes were faster
(724ms) than RTs to local primes (797ms). For the prime accuracies, as was found in both
experiments, there was a main effect of attended level [F(1,30) = 164.5, MSe = 19.1, p <.001;
partialn® = 085], indicating that participants were more accurate in the local (94.6%) tah gl
(84.6%) task (which, in concert with the RT results, might indicate a speed-actadenff).

There was also an interaction between prime and the attended SF in the probe [F(1, 30) = 5.1,
MSe = 10.3, p < .01; partigf = 0.15]. Follow-up t-tests revealed a trend for responses to global
primes to be more accurate in the LSF than HSF block, [t(31) = 1.871, p =.07; d = 1.9], while
there was no such difference for responses to local primes. In sum, theatatistiparison of
Experiments 1 and 2 mirrored the results of the individual experiments’ anatgseaast
importantly, did not show any interaction with experiment.

2.4.3. Experiment 2 Discussion

The results of Experiment 2 replicated those of Experiment 1. Responses to\HSFs i
compound gratings were faster following attention to local than global levéle primes,
whereas responses to LSFs in the same gratings was faster folltiwiriga to global than
local levels in the primes. Hence, the influence of attending to a particaeitardtical level on
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SF selectivity was found despite a change in spatial location of the probe from pyeigphe
central vision and despite the fact that the location of the hierarchical primesnrapdund
grating probes changed. These findings question a simple spatial focus ac¢banestilts, and
by monitoring eye movements | assured that the Navon patterns and the compoogd grati
appeared at different regions on the retina.

Importantly, the same pattern of priming was found in Experiments 1 and 2 despite the
fact that perceptual sensitivity to different SFs varies between the @srighd the fovea, with a
better resolution of HSFs in the fovea than the peripheral visual field (De Valés\&alois,
1990). Moreover, it is noteworthy that both SFs that | used in the compound grating there at
lower end of the human visible spectrum and, without priming, both have been previously
associated with global processing when presented alone (Shulman et al., 1986, 19&7hEenc
complex grating stimulus in the current study required participants tdigelgattend to the
relatively lower orrelatively higher of two objectively LSF gratings. Nevertheless, relations
between the hierarchical patterns and SF might have been different here tharousstidies,
so it is important to directly examine hierarchical attention and itsaesdip to relative SF and
absolute SF (see Experiment 4). It is also important to consider the postiatlitye priming
effects seen here have nothing to do with attentional selection of SF, but inHezadne
adjustment in the size of the attentional “spotlight”. In Experiments 1 and 2, tasra w
correspondence in size between the local level and HSFs, and between thegbblaald LSFs,
and it is important to rule out the possibility that these effects were due tortiegoof relative
size rather than SF. This was done in Experiment 3.

2.5. Experiment 3

To rule out the possibility that adjusting the size of the attentional “spdttighie the
effects in Experiments 1 and 2, Experiment 3 was identical to Experiment 2 ispaitte except
that the primes in Experiment 3 were single letters that were eithsautie size as the local
letters in Experiment 2 or the same size as the global letters. The legtereither the same or
different and, as in Experiments 1 and 2, the response was to report whether éhthevsame
or different letter as rapidly as possible. If size rather than SF wasitibal factor in
Experiments 1 and 2, then small letters should prime HSFs and large letters shogildS¥sn
However, if attention to hierarchical level is critical, then there should be nongreffects of
size on SF.

2.5.1. Experiment 3 Methods
Participants

Sixteen students from the University of California, Berkeley (twelugafe) participated
in Experiment 3. They received course credit for their participation. All had normoalrected-

to-normal vision. The experiment was approved by the University of Calif@er&eley CPHS
(#2004-3-35), and all participants gave informed consent before participating.
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Simuli

The prime stimuli in Experiment 3 were single lettan black Helvetica bold for
presented on a gray background. The small lettdstesded 0.7° of visual angle and w
identical to those that appeared at the local levEixperiments 1 and 2A. Therge letters were
the same size as the global letters in Experimeatsd 2A, 4.0° x 5.7° high. The grating prc
in Experiment 3 was identical to that used in Expent 2.

Procedure

The exact same procedure used for Experiment 2ises forExperiment 3, the onl
difference being that single letters (small or é&rgppeared as the prir (see Figure &

Fixation
S00ms
+
Prime
300ms
E + H ORI g 4+ H

Blanls
Responge: Same or Different?
(Global or Local letters)

Fixation
S00ms
+
Tune Probe
Regponge: Tilted Lett or Right?
E (LSFz or HSF#)

Figure 8. Examyple trial from Experiment 3. Participants perforimed two tagks in alternating sequence. Fist, two
letters appeared on each side of fixation until responge (prume). The letters were either large (same size ax global
letter in Experiment 2) or small (same gize ag local letters in experiment 2) and participants indicated if they were the
game or different letter. Large and small letters appeared in separate blocks of trialg. Followingthe prime, one
compound frequency grating appeared at fixation until regponse (probe). Participants reported the orientation of the
LSFs or HSFg in the grating (in separate blocks of trialg).

2.5.2. Experiment 3 Results

Accuracy rates to both the grating probes anddddtier primes in Experiment 3 were
ceiling (96% and 95%, respectively) and were tleeehot analyzed furtheRTs to the gratin
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probes and to the letter primes were analyzed with a 2 x 2 ANOVA with repeasstimes; the

factors were primed size (small vs. large) and attended SF (high vs. lowp R€srrect

responses, either to the prime or to the probe, and those above or below two standard deviations
of the mean were excluded, as well as any trials in which participants nn@redyes prior to

the presentation of the grating probe (~6% of total trials). No significamt efi@cts emerged.

More importantly, there was not even a trend toward an interaction between size and S

Satistical Comparison of Experiments 2 and 3

To compare Experiments 2 (Navon prime) and 3 (size prime) | conducted a mixeld-mode
ANOVA with Experiment (2 vs. 3) as a between-participant factor, and primksieee
(local/small vs. global/large) and SF (HSF vs. LSF target) as witnitiepant factors. For the
probe RTs, this analysis revealed a 3-way interaction between the fdettesed/size, and
Experiment, [F(1,30) = 4. 1, MSe = 11353.8, p = .05; paiflat 0.12]. This interaction reflects
the fact that | found a significant interaction between primed level andlattSF in
Experiment 2 (with Navon patterns as primes) and no such interaction between jmareetis
attended SF in Experiment 3 (with large or small letters as primes). No s evere
significant for the probe RTs. For the prime RTs, the same analysise@ealain effect of
size/level [F(1,30) = 4. 9, MSe = 11714.2, p < .05; paniat 0.14], reflecting the fact that
participants were faster at global/large primes (548ms) than loedllfsimes (553ms).
However, as | found in the individual experiment analyses, this difference wasigmfjcant in
Experiment 2 for the local versus global primes (though qualified by a spewdey tradeoff)
and not in Experiment 3 for the small vs. large primes. This was corroborate&igya
interaction between size and Experiment [F(1,30) = 4. 5, MSe = 11714.2, p < .05n@axtial
0.13]. There were no other significant effects in the prime RT analyses.

2.5.3. Experiment 3 Discussion

In Experiment 3, when single letters of identical size to the local and gldieas et
Experiment 2 were presented as primes, | did not find priming of size on SF. Thiss st
evidence that attention to hierarchical level was the critical factaimg the selection of a
SF, and not attention to siper se.

Taken together, Experiments 1-3 provide strong evidence that attention to thevetal |
of a hierarchical display involves attentional selection of relatively H3igsatention to the
global level involves attentional selection of relatively LSFs. In Expant 4, | directly
examined if hierarchical level primes relative or absolute SF by piregehé same 1.8c/d
grating as the relatively higher SF of the compound grating probe during Hadf lolbcks and
as the relatively lower SF of the compound grating probe during the other half of tke Ifioc
attention to hierarchical level triggers a process that biases attenatewion of relative SF
rather than absolute SF, attention to local primes should facilitate attemttoa1.8c/d grating
when it is relatively higher and attention to global primes should faciéitsgation to the same
1.8c/d grating when it is relatively lower.
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2.6. Experiment 4
2.6.1. Experiment 4 Methods

Participants

Sixteen students from the University of Califorrisgrkeley (10 female) participated
the experiment for course credit. All had normatorrecte-to-normal vision. The experime
was approved by the University of California, Bées¢eCPHS (#2004-3-35)nd all participant
gave informed consent before participat

Simuli

The Navon patterns used as primes were identidabise used in Experiments 1 anc
There were two compound grating probe conditiof®®\L_and HIGH, referring tthe absolute
SF differences between the two grating probes.L T/ compound gratings were compose(
a 0.9c/d (3cycle/image) grating (the relatively L&fnponent) and a 1.8c/d (6c/i) grating (
relatively HSF component) and the HIGH compoundiggswere composed of a 1.8c/d grat
(the relatively LSF component) and a 5.3c/d (18yrating (the relatively HSF componer
Seen from 1m the grating probes in both conditeutgended 3.4° of visual angle and w
presented at fixation akin to Experint 2. As in the previous two experiments, the retyi
LSF component was oriented either at 45° (tiltetheoright) or at 135° (tilted to the left) and |
relatively HSF component was orientecthe opposite direction (Figure 9).

Procedure

The proedure was identical to Experiment 2, except theigypants performed eigt
blocks of 60 trials. The same 4 blocks as in Expents 1 and 2 (global/lower, global/high
local/lower, local/higher) were performed once wilte LOW grating probes and o1 with the
HIGH grating probes.

Figure 2. Examyp les of the absolute LOVY (shown on the left) and
abzolute HIGH (shown on the right) grating probes. In both examyples,
the 3.53¢/d grating 1% shown tilted to the left (not dravn to scale). It 15
therelatively higher SF of the set in the absolute LOYW grating and the
relatively lower SF of the set in the absolute HIGH @rating.

2.6.2. Experiment 4 Results
Probe RTs

Similar to Experiments 1 and 2, pr¢-performance accuracy was at ceiling (96%)
therefore not analyzed further. RTs to incorrespamses, either to the prime or to the probe,
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those above or below two standard deviations ofitean were exclude~16% of total trials
9% for incorrect responses and 7% for outlier F* Eye movements were monitored but did
account for any of the excluded trials becausagyants had no trouble maintaining fixatic
RTs to the grating probes were analyzeth a 2 x 2 x 2 ANOVA with repeated measures.
factors were primed level (global vs. local), ab$eISF condition (LOW vs. HIGH) and relati
SF attended in the probe (lower vs. higher) aofaciThis analysis revealed a signific
interaction betweeprimed level and relatih SF, [F(1,15) = 66, MSe = 6999.2, p < .05; part
n® = 0.30] and no other significant effects. Particylaoteworthy is that there was no m:
effect of the absolute SF and no interactions itk factor. Participants were faster repori
the relatively LSF orientation following global (&f1s, SE = 22is) than local (574ms, SE
28ms) primes, and they were faster reporting nedfjtiHSF orientation following local (530m
SE= 31ms) than global (b&s, SE = 51ms) primes (Figure 10). In Figur, the probe RTs t
relatively lower SF and relatively higt SF grating probes following global and local le
primes are plotted separately for the absolute Léadition and absolute HIGH condition. T
second order interaction was not significant [F$)51.2]. As indicated by the lack of interacti
with absolte SF, priming was contingent on relative SF dedpie fact that the same 1.8
grating was the relatively higher SF in the absoll®W condition and the relatively lower !
in the absolute HIGH conditiol

600 -
~ 380 -

560 -

£

Z 540 B Global
=

= O Local
& 520 -

300 - A

Relatively LSF Relatively HSF
SF Attendead

Figure 10. Average RTx torelatively LSF and relatively HSF targets
{collapsed over abgolute SF) in compound @rating probes during the global
and local attention blocks in Experiment 4.

| also analyzed mean RTs to the Navon patternsavizttx 2 x 2 ANOVA for repeate
measures with absolute SF (LOW vs. HIGH), relaB¥e(lower vs. higher) and attended le
(global vs. local) as factors. This analysis regda main effect of attendeevel [F(1,15) =

* The same analysis performed without excludinggrilowed a similarattern. In the absolute LOW blocks, 1
mean RTs were: 569 ms and 579 ms following global lacal processing, respectively, in the relati&F
blocks and 565 ms and 514 ms following global awhl processing, respectively, in the relativelyFHSock
In the absolute HIGH blocks, the mean RTs were: 588and 572 ms following global and local process
respectively, in the relative LSF blocks and 567 amsl 548 ms following global and local process
respectivey, in the relatively HSF bloc
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10.3, MSe = 10359.7, p < .01; partif’ = 0.41] indicating that, as in Experiments 1 an
participants were faster responding to global (68ptiman local (692ms) primes. There was .
an interaction between relative SF and attendeel [F(1,15) = 5.5, MSe = 2833.8, p < .(
partialn® = 0.27]. Participants were faster when attendiniéoglobal than local prime level
both relative SF conditions, but this differenceswiauch greater in blocks when they w
attending to the relately lower SF (80ms difference) than the relativeiyher SF (36m
difference) [t(15) = 2.4, p <.05; d = .54]. Impantly, like in the analysis of the probe RTs, tt
were no interactions with absolute SF and no atffects in the prime RT analys

Absolute LOW Absolute HIGH
2 500 £ 600
L L
ﬁ 550 ﬁ 330
g g
% 500 % 500
¥ ¥
R LSF{1.8c/dy HSF(3.3¢/d) R LSF{3.53¢c/dy HSF {10 .53¢/d)
SF Attendead SF Attendead
B Global
[0 Local
Figure 11. Average RTx torelatively LSF and relatively HSF targets in
compound grating probes during local and global attention blocks in Experiment
4. shown separately for abgolute LOW and abgolute HIGH w@rating conditions.
Prime RTs

The analysis of prime accuracy revealed that, aintd Experiments 1 and 2, the m
effect of attended level was qualified by a sj-accuracy tradeoff. That is, the 2 (absolute S
2 (relative SF) x 2 (attended level) repeatedsures ANOVA for prime accuracies reveale
main effect of attended level [F(1,15) = 93.2, MSeé.4, p <.0001, partia\j2 = 0.86], with more
accurate responses to local (93%) than to gl@&8o) primes. There was also an interacti
between relativéF and level [F(1,15) = 8.0, MSe = 8.4, p < .05tipkn? = 0.35], showing
greater difference between global and local primdgocks when participants were attending
relatively lower SFs (6% difference) than highes$8% difference) [t(15) =.8, p <.05; d =
1.0]. Similar to Experiments 1 and 2, the analgéithe primes in Experiment 4 using 1
combined measure (RT/proportion correct) reveatedtatistically significant effect
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2.6.3. Experiment 4 Discussion

The results of Experiment 4 replicated the pattern of level priming trsafouad in
Experiments 1 and 2, with RTs to relatively lower SFs in the probe faster follgaibgl than
local attention, and RTs to relatively higher SFs in the probe faster folld@gagthan global
attention. Importantly, this interaction was found for relative rather thanuab<giFs as shown
by the fact that the same 1.8c/d grating was relatively higher in half ofatiestand relatively
lower in the other half of the blocks. That there were no effects or interaatittnabsolute SF
is strong evidence that the priming effect is not merely due to lower I¢estianbal tuning to SF
per se but rather to a process that keeps the relatively global and local levantaver large
changes in stimulus location and SF content.

2.7. Discussion of Experiments 1-4

In four experiments | examined how same/different judgments about the lodatbak g
levels of information in pairs of hierarchical displays can affect subsedieaati@n of
attention to relatively high- and low- SFs in a compound grating. Although a divettdiween
the attended level in a hierarchical display (local versus global) and resgorsmple
sinusoidal gratings has long been known (Shulman et al., 1986, 1987), the mechanism by which
attention to a given level affects the selection of SFs in an image has noufiieenty
characterized before. Using HSF and LSF compound gratings rather tipde Smusoidal
gratings the present data indicate that attending to the local leVighfasithe selection of the
relative HSFs in the image while attending to global level facilitates thetsmeof therelative
LSFs. | also showed that this pattern of facilitation cannot be explained biyaatt® size
alone; large letters did not prime LSFs nor did small letters prime HSd@periment 3).

Importantly, | found the interaction between attended level and SF selection both whe
the grating probes appeared at the same peripheral locations as the Navos (katferiment
1) and when they appeared at fixation (Experiment 2), inconsistent with a sinéfspas
account of the results, and arguing against a simple early visual accountgaontimg effect
(for example that given the different spatial resolution of the rods and the coagesim
presented in the periphery would preferentially activate lower SF chdahaelgnages presented
at fixation). In fact, previous studies suggested that 3c/d shows optimal comsaistiseat the
fovea, whereas lower SFs of 0.6¢/d to 1.2c/d show optimal contrast sensitivity at 1.7°
eccentricity (Henrikkson et al., 2008). Thus, in Experiment 1, the relatively ibRSke
compound grating (i.e., 0.7c/d at 1° eccentricity) were perceptually optimatasier
Experiment 2, the relatively HSFs in the compound grating were perceptuathabfte.,
2.4c/d at fixation). The fact that | found the same pattern of results despéetrgslevel
differences across Experiments 1 and 2 is further evidence that this is a top @oivthat
influences selectivity to relative spatial scale.

More direct evidence for a selective attention effect was found in Exgetridn where
the selection of relative SFs interacted with attended prime level, and aooéfédsolute SFs
emerged. These findings strongly suggest that local vs. global attention syadle&ible
mechanism by which attention selects relatively higher vs. relativer|8#s, respectively. If
the priming effects were due solely to the visual response to spectral infornhatould have
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found the same pattern of results for the 1.8c/d grating whether it was theshglaitgher or
relatively lower frequency in the probe. Instead, the priming effects didteoact with absolute
SF but only with relative SF. This is not to say that absolute SFs are irrel€aaptmay well
set the spatial limits of what is visually available at any instanirig,tbut the selection of SFs
can be modulated by top-down influences that link relative hierarchical levetsditne and
space.

Experiments 1-4 also demonstrate that the level of processing (locabai)gh Navon
stimuli can extend to a completely unrelated stimulus and task. Robertson (1996 )eslithgest
when stimuli were similar in structure (multi-leveled), selectingvarglevel on one trial to
make a certain type of response (identification) automatically primeelidetion of that same
level on the next trial to make a similar type of response whether the twoi stenailin the
same or different locations. The current results extend the previous ones showiing that
selected level in a Navon stimulus guides the selected “level” in the compogueérfoy probe
even if the prime and the probe as well as the tasks are completely diftaseimbportant to
note that in the current study, the same broadband Navon displays and the same compound
grating probes were presented in the local and global attention blocks. The fangnde across
the blocks was the attended level while processing the prime and the attendeteSF whi
processing the probe.

The present pattern of results is also consistent with the notion of flexitldeusege in
face and scene processing posited by Schyns and colleagues (Gosselyms; 3@601; Oliva &
Schyns, 1997; Schyns & Oliva, 1999; Morrison & Schyns, 2001). According to this view, the
visual system does not necessarily operate in a fixed processing ordeL §Fotm HSF) on
incoming information, but instead can flexibly use its effective spatiadsaalan order
determined by the diagnostic features relevant to the current task. Thet pessés strongly
endorse this view by demonstrating that the attended level in Navon patternsrdsder
subsequent SF selectivity.

Finally, although hemispheric asymmetry was not examined in the current stuch of
the research on processing hierarchical displays was derived from studiesspfezic
laterality and, indeed, the present findings bear indirect relevance tdeletulie. Specifically,
the current data are consistent with DFF theory (Ilvry and Robertson, 1998). Gebird
theory is the notion that the two cerebral hemispheres do not have an asymmetricalthiz
perceptual processing of Spa se, but that they asymmetrically filter relatively high versus
relatively low SF information after attention selects the task reldramiency range. The fact
that | found an interaction between attention to hierarchical level and &fiagf using
identical compound gratings that varied in peripheral and central presentaticeagresments
support this idea. Nonetheless, independent of the DFF theory, the present dgta clea
demonstrate a robust relationship between the attended level in a multi-levebodjéoe order
of selection of SFs in a subsequent image.
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3. Unifying DFF and HI theories

3.1. Evidencefor Hierarchical Integration (HI) theory

Recently, Hibner and Volberg (2005) called into question theories associating SF
processing with hierarchical perception by challenging an implicit ggsumof these theories;
namely that the identity of a shape (e.g., a letter in a Navon display) #&wmeitflocal/global)
are perceptually integratedoriori (e.g., Navon, 1977; Lamb & Yund, 1996; Robertson, 1996).
In other words, when the tree is defined as the global level, its represeatstieing global is
assumed to be intrinsic to the perceptual process. In this “traditional viepé ahd level are
bound throughout visual processing, although one level may be processed before another
(Navon, 1977). The traditional view may appear reasonable when considering the Navon
displays used to study hierarchical perception (Figure 1); intuitively, thkedodaglobal levels
in these displays seem unambiguous. However, when considering hierarchicatlyret
objects in the natural environment, the traditional view seems wanting sin@arteekment
might be a local percept in one instance (e.g., local tree in a global forestylabdlgpercept in
a different instance (e.g., global tree composed of local branches), depemdiegfocus of
attention. Moreover, the evidence that other features such as orientation andecpftocessed
separately and only later integrated is quite compelling (Treisman&l&el980, Treisman &
Schmidt, 1982, Treisman, 1996, Zeki, 1978).

In line with this challenge, Hibner and Volberg (2005) proposed a hierarchical
“integration theory” in which visual information at different levels is ingiaépresented
independently of level and only later bound to form an integrated representationtetudapar
level. They adopted the framework of feature integration theory (FIT), whicts d&ntional
selection of a spatial location as the medium by which individual representatiamtaoés
features (e.g., color, shape and orientation) are bound into a coherent wholegf &i&alade
1980; Treisman, 1999). Evidence for FIT lies in the fact that deficits in spidiatian after
brain injury lead to incorrect feature combinations in perception known as “illusory
conjunctions” (e.g., mistakenly reporting a red X when presented with a blue Xredd a
Robertson el al., 1997). lllusory conjunctions also occur in normal perception when attention i
diverted and the stimuli are briefly presented (Treisman & Schmidt, 1982).

Addressing the question of binding shape and level (local/global), Hibner and Volberg
(2005) interrupted processing of Navon displays by masking them after randashipng them
in the left visual field (LVF) or right visual field (RVF), and asking papnts to identify the
letter at a directed level. Under these conditions, the rationale was thapéf and level are
initially represented separately, then an interruption in processing should leathhces in
which binding fails, and illusory conjunctions of shape and level result (i.e., thealetier
unattended level should be seen as the letter at the attended level). Indwest, &Volberg
(2005) found a high incidence of shape-level conjunction errors that exceeded clthoceld
not be explained by guessing.

In addition, by presenting the displays in the LVF or RVF, Hubner and Volberg (2005)
examined whether a visual field asymmetry in conjunction errors occurresteonsvith
evidence for functional hemispheric differences in hierarchical progesstlined in 2.1.1 (e.g.,
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Delis, Robertson & Effron, 1986; Martin, 1979; Martinez et al., 1997; Robertson & Delis, 1986;
Robertson, Lamb & Knight, 1988; Robertson, Lamb, M. R., & Zaidel, E., 1993; Weissman &
Woldorff, 2005). Although some studies have not found this difference (Heinze et al., 1998; Fink
et al., 1997; Polster & Rapcsak, 1994), a meta-analysis showed that overall thsir®mgas
evidence for a LH bias in local processing and a RH bias in global procégam&leeck,

1989). This meta-analysis also showed that the hemispheric differencesaveneranounced
when the stimuli were incongruent (i.e., letter identity differed at the lockagmbal levels),

which would produce more illusory conjunctions in line with the integration theory. Hibder a
Volberg (2005) found that participants made significantly more conjunction esrtmsat

targets (i.e., when asked to report local letters they reported global onesjhwistimulus was
presented in the LVF (projected to the RH), and they made significantly more danjwarcors

to global targets (i.e., when asked to report global letters they reportednesalwhen the

stimulus was presented in the RVF (projected to the LH).

These results provide evidence that shape and level are representedlgejuaiade
some early visual processing stage, followed by a binding stage, and tfaetbkhinding
errors depends on the visual field in which the hierarchical displays are preseatéallow-up
experiment, Hibner and Volberg (2005) explicitly tested a multinomial modeliof the
integration theory by asking participants to report both the local and the @gtibalin so doing,
they were able to include a “guessing” parameter in their model, and estiregirobability
distribution of the responses while taking into account the fact that some caspexrtiges will
be correct guesses (Ashby et al., 1996; Prinzmetal, et al., 2002). Indeed, they & timel data
still supported the integration model when participants were asked to report iethdéettities,
suggesting that the results were not due to a bias in guessing. This is aldemowgis
previous findings by Prinzmetal et al. (2002) demonstrating that participants doesstay
repeated feature if features do not reappear in the display.

However, although Hubner and Volberg (2005) provided strong evidence that shape and
level are initially represented separately, the mechanism underhapg-gevel binding is
unknown. In FIT (Treisman & Gelade, 1980), features must be co-located (through spatial
attention) to be properly bound. In contrast, the integration theory formulateddmeHand
Volberg (2005) does not offer a binding mechanism.

3.2. Aim of Experiment 5: SF selection as a possible mechanism underlying H

The goal of Experiment 5 was to examine whether the medium of hierarchical bsding
attentional selection of task-relevant SFs. This hypothesis is based on pretaojaitimed in
2.1.2) suggesting that SFs cue the level of representation (Robertson, 1996) and tleatathie rel
SFs in a stimulus can drive hemispheric differences in performance (lvry &tBaiel998).
Evidence that the LH is biased in selecting relatively HSFs while thiss Ridsed in selecting
relatively LSFs has not only been demonstrated for discrimination of sinugoatialgs
(Christman, Kitterle & Hellige, 1991; Kitterle, Christman & Hellige, 1990) &lgb in the
processing of letters, faces, scenes and objects (lidaka et al., 2004; Jonsshge& 1986;
Keenan, Whitman & Pepe, 1989; Parker, Lishman & Hughes, 1996; Peyrin et al., 2005). Studies
have also demonstrated that global perception relies more on the selectionvelydl&Fs in
the stimulus, whereas local perception relies more on the selection of hgleBies (Han et al.,
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2003; Hughes, Fendrich & Reuter-Lorenz, 1990; Hughes, Nozawa & Kitterle, 1996; Bian,&
2005; Robertson, 1996; Shulman et al., 1986; Shulman & Wilson, 1987; Yoshida et al., 2007).
Perhaps most importantly, SF processing is flexible and contingent both on lbiptfactors

such as image information as well as on top-down factors such as attentiorkamhsasints
(Peyrin et al., 2006; Sowden & Schyns, 2006).

Given this evidence, my hypothesis is that SF is the medium for hierarchical binding
such that attentional selection of relatively HSFs facilitates steyeébinding by the LH, and
attentional selection of relatively LSFs facilitates binding by the RiHest this hypothesis, |
used a priming paradigm designed to examine how directing attention to &ivéhglhigh or
relatively low) modulates shape-level conjunction errors in a hierarchgggi On each trial
participants first discriminated the orientation of either the lower or highs in a centrally
presented compound grating (e.g., Olzak, 1986). A Navon display then flashed in the LVF or
RVF and was masked. Participants indicated which of four possible letters appeheciocal
or global level. Importantly, they were informed that each display would bé&reciesl of two
different letters, so if they only identified the letter at the unattended level, they shoadd
from the remaining three alternatives. Errors in which participants inadwgrreported the
letter at the unattended level were considered to be shape-level “conjuniirsih @nd errors in
which participants reported one of the two letters that were not presentedeteinyere
considered to be “feature errors.”

If letters and levels are bouadriori (i.e., the traditional view), then there should be an
even distribution of errors across conjunction and all possible feature eegraith 3 possible
erroneous responses, conjunction errors should not exceethe total errors). First, |
replicated Hubner and Volberg’s (2005) findings, showing that participants magemas
than's conjunction errors, and that conjunction errors to local targets were greateihehen t
stimulus was projected to the RH than to the LH, and conjunction errors to global veegets
greater when they were projected to the LH than to the RH. More importaetigtténded SF in
the prime task modulated the hemispheric asymmetry of conjunction errors duathethizonal
selection of HSFs reduced the hemispheric asymmetry in conjunction erroral tiafgets and
attentional selection of LSFs reduced the hemispheric asymmetry in doojuercors to global
targets.

3.3. Experiment 5 Methods
Participants

Twenty-four undergraduates from the University of California, Berkedelygipated in
the experiment for course credit. Sixteen (twelve women) were testesl pnittiary experiment
and eight (five women) in a subsidiary control experiment (see below). Allngatehanded
and had normal or corrected-to-normal vision. The experiment was approved byvbesity
of California, Berkeley CPHS (#2004-3-35), and all participants gave informedntdregere
participating.
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Simuli

The compound gratings were generated in M™ (Mathworks, Natick, MA) with ¢
sinusoid function for each SF. At 100% contrastheeompound grating subtended 6.6
visual angle and was composed of a 3.6¢/d gratigrélatively HSF component) and a 1.2
grating (the relatively LSF component)ne SF component was oriented at +45° (tilted tc
right) and the other was orientec-45° (tilted to the left).

The Navon displays were black on a white backgrpand were made using Ado
Photoshop ™. Seen from a distance of 57cm, eaet liette’ subtended Dof visual angle an
was spatially arranged on a 5x5 grid to form a gldétter that was 4.5° wide by 6° high. T
letters used were squared A, E, H, and S in ailt theal and global combinations with t
exception of congruent combirons (e.g., a global A composed of local As), resglin twelve
distinct Navon displays. A mask was composed dadllfigure 8s arranged on the same gri
form a global figure 8, which overlapped with atigsible letter combinatior

SF grating
m (response)
Fixation
(300ms)
+
Navon stimulus
EEEEE (24ms)
EEEEE +
E E
E Stumulus Mask Interval (SMI)
(66ms, or duration for 70% accuracy)
+

Time Magk
BBBER (response)
geseg +
B B
BBBER

Figure 12. Example trial from (primary ) Experiment 3. First, a compound SF grating appeared until
regponseand participants reported the orientation (left or right) of the LSF or HSF component in
separate blocks of trials. Next, a Navon stimulus flashed for 2-hms to the left or right of fixation
(randomly ) and wag replaced by a mask. Participants reported the identity of the global or local letter in
geparate blocks of trialg by gelecting among 4 alternatives. The stunulug-magk interval (SMI) started at
66ms and wag aradually decreased when participants pertormed better than 70%0 accuracy in a given
block. In the control experiment, there wasg no prime task; a trial began with the 300ms fixation cross.

Procedure

Thestimuli were shown on a 17 inch color monitor watkrertical refresh rate of 60Hz
a resolution of 1024x768 pixels. Trial timing wastrolled by Presentati’™ (Neurobehaviora
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Systems, Albany, CA) and is depicted in Figure 12. On each trial, a compound 8§ grati
(prime) first appeared until response. In separate blocks of trials,jpentE reported the
orientation of either the “thin bars” (HSFs) or “thick bars” (LSFs) quicklydmaurately without
moving their eyes over the grating. The grating was then replaced bya,c&ddms fixation
cross, followed by a Navon display that flashed for 24ms with its medial edgeng°l&dttor
right of fixation and 3.25° from the midline. Visual field of presentation was randomiteid w
each block. The mask then appeared in the same location as the Navon display and remained on
the screen until response. In separate blocks of trials, participants weatdémsidicate the
identity of the local or global letter. The stimulus-mask interval (SMI) wiéglly 66ms (i.e.,
the mask appeared 66ms after the offset of the Navon stimulus) and was gradueligeteto
maintain ~ 70% accuracy. The SMI was adjusted separately for local andlgtatbal. That is,
if participants started in a local block condition, the SMI was adjusted accgrétindilocks in
that condition and was reset to 66ms when they started the global block condition.
Importantly, participants were instructed to guess if they did not see gie¢ letter.
They were told that each Navon display would be composed of two different lettarg dre
letters A, E, H and S, and if they did not see the letter at the target level, but did ettt at
the other, non-target level, not to report this letter but to guess from the remhareimg t
alternatives. There were four blocks of 48 trials for each of the four prime\(etS&s
LSF)/probe (local versus global) conditions, performed in sequential orderttéideder of
conditions was counterbalanced across participants. | used this blocked desighaatbhamg
participants to a specific level on a trial by trial basis to lessen confusoon e dual task.

Eight participants used their left hand for the prime task and their right harne forabe
task, and vice versa for the other eight. For the prime task, participants usedxtenohdeddle
finger of the response hand; the left finger was used to indicate a “left” divanvéthe target
SF and the right finger was used to indicate a “right” orientation. For the @slddbs
indicating “A”, “E”, “H” and “S” were placed over keys on the keyboard and particgpant
pressed the corresponding button to make their response.

Prior to the main experiment, a control experiment was run (testing eigirediff
participants from the same population) in order to assure that | could replidater-ind
Volberg’s (2005) findings when blocking attended level (local/global) and usingimylistin
the control experiment the same design was used as in the primary expericephtleat there
was no prime, resulting in only two blocked conditions, local and global. The control experiment
was successful and will be presented at the end of the results section.

3.4. Experiment 5 Results
Main Experiment
Participants had no trouble performing the priming task, as average@ciuraporting
the orientation of the target SF was 98%. | was therefore confident that atteasialirected to

the relevant SF in each block.

| first established the separation of letter identity and hierarcleeal &s predicted by
integration theory, by comparing the observed distribution of errors with thatteddicthe
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traditional view (Figure 13 The mean error rate across all conditions wéé.42onjunctior
errors @curred in 21% of error trials, and feature eragsurred in the other 21%. As in Hubi
and Volberg (2005), the distribution of errors vgagificantly different from that predicted |
the traditional view, indicated statistically byetModel (tradilonal versus observed) x En
type (feature versus conjunction) interaction [E6)=56.2, MSe=13.0, p< .0001; partif’=.79].
Follow-up ttests (using Bonferroni correction) indicated tiet rate of conjunction errors w
significantly greater than tharedicted by the traditional view [t(15)=7.5, B3001; d=2.5] an
the rate of feature errors was significantly ldemtthat predicted by the traditional view [t(:
7.5, p<.0001; d=1.0]. An analysis comparing theesbed pattern of errors with thattern
predicted by the traditional view for local and lggd blocks separately mirrored the ove
analysis. For local blocks, the significant Moddtxor type interaction [F(1,15)=130.
MSe=5.2, p< .0001; partigf=.89] revealed significantly moiconjunction errors (18%) the
predicted by traditional view (13%; t(15) 6.7, ©001; d=.93) and significantly less feat

30
25
20

15 [ Traditional view

MW Global
O Local

10

Error Rate (%)

Conjunction Errors FeatureErrors

Error Type

Figure 13. The percentage of conjunction and feature errors for global and local trials in Experiment 3,
compared with those predicted by the traditional view. Error bars reflect standard ervors of the mean.

errors (18%) than predicted by traditional view¥26(15) 6.7, p< .0001; d=1.0; both signific:
using Bonferrontorrection). Likewise, for global blocks, the ModeError type interactio
[F(1,15)=52.0, MSe=26.2, p< .0001; parti*=.78] revealed significantly more conjuncti
errors (24%) than predicted by the standard vies®41t(15)=7.2, p< .0001; d=2.2) a
significantly less feature errors (20%) than preelicby the standard view (29%, t(15)=7.2,
.0001; d=1.1; both significant using Bonferroniremtion). These results replicate those fo
by Hiuibner and Volberg (2005), showing that whenigaants mae an error, they were mo

likely to report the letter at the unattended leagbeing the target letter rather than a letttr
was not present.

To examine my primary prediction that attentioreestion of SFs would modulate t
shape-level bindingepending on the visual field of presentation,ridiected a 2x2x2 ANOV/
of the conjunction errors, with attended SF inghene (HSF versus LSF), attended target Lt
(local versus global), and Hemisphere (left versgist) as factors. This analysisvealed a
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Level x Hemisphere interaction [F(1,15)=9.3, MSe85p=.008; partia’=.38], which is
depicted in Figure 14There were significantly more conjunction errar$ocal targets projecte
to the RH (19%) than to the LH (15%; t(15)=2.5,(8;.d=."3) and significantly mor
conjunction errors to global targets projectechltH (26%) than to the RH (22 %; t(15)=2
p=.03; d=.65; both significant using Bonferronim@mtion). There was no Level x Hemisph
interaction for feature errors, F> 1, ino other effects in the feature error analyses \wiese tc
significant levels.

Importantly, the analysis of the conjunction erralso revealed a SF x Leve
Hemisphere seconarder interaction [F(1,15)=8.2, MSe=5.6, p=.01rtiphn=.35]. To
examne this interaction, | conducted Level (local verglobal) x Hemisphere (left versus rig
ANOVAs for the LSF and HSF conditions separatehd these data are shown in Figure. For
the LSF condition, there was a significant Levélemisphere interdion [F(1,15)=5.1
MSe=24.4, p=.04; partiaf=.25]. As predicted, follo-up ttests showed that following LS
selection, there were significantly more conjunctesrors for local targets projected to the
(20%) than the LH (17%; t(15)=2.8, p=.01; d4; significant using Bonferroni correctior

. ns
*sf. 25 - — 25 ns
n * S o
e 20 o 20
: :
§ 15 $ 15
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Attended Level Attended Level
Il LVF/RH
[] RVF/LH

Figure 14. The Level x Hemigphere mteraction for conjunction errors (significant) and feature ervors
(not significant) in Experiment 3. Errors bars reflect standard errors of the mean. LVF/RH: Navon
digplay presented in the left visual field/ projected to the right hemigphere: RVE/LH: Navon digplay
presented in the right visual field: projected to the left hemisphere.

whereas there was no significant hemispheric diffee global targets following LSF prim
[t(15)=1.3, p=.22; d=.30]. The Level x Hemispherd@VA for the HSF condition also reveal
a significant Level Hemisphere interaction [F(1,15),=12.0, MSe=34.90p4; partiah’=.44].
As predicted, follow-up tests showed the opposite pattern than what wasiftar LSF primes
That is, following HSF primes, there were signifidg more conjunction errors to (bal targets
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projected to the LH (28%) than to the RH (21%, }B52 , p=.006; d=.96; significant usii
Bonferroni correction), whereas there was no siediby significant difference between t
hemispheres for local targets following HSF prirft€s5)=1.8, p=.09; d=.46].
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Figure 15, I'he Level x Henusphere mteraction for caryuniction erors modulated by the spatial frequency attended m the
e m Expernnent 3 Followigallention o low spatial Tequencies (LSF<. (ere was an mcreased rale of conguaiclion
etrors to local torzets presented in the lett siual field (LVEF ) right hamnizphere (RH) ond no reliable henspheric difference in
conjunction evors for global target:. Conversely. following attenticn ro high spatial requencies (HSFE). there was an
mcreased rate of conjunction errors to zlobal rargets presented in the right visual field (RAVT et henusphere (LITY and no
reliable henwspherie difference for local targets. Error bavs ceflect standard errors of the mean.

Control experiment

The results from the control experiment were sintidethe results found for probes in 1
primary experiment collapsed over SF. The averageatl error rate was 19%, with featt
errors occurring in 17% dfials and conjunction errors occurring in 20%redls. Participant:
made significantly more conjunction errors (20%@rttpredicted by the traditional view (129
indicated by a significant Model (traditional vessnbserved) x Error type (feature \us
conjunction) interaction [F(1,15)=46.6, MSe=10.%,.p001; partiah’>=.87]. Akin to the priman
experiment, the rate of conjunction errors wasigantly greater than that predicted by -
traditional view [t(15)=6.8, p<.0001; d=2.8], arktrate f feature errors was significantly le
than that predicted by the traditional view [t(16)8; p< .0001; d=1.8; both significant usi
Bonferroni correction].

The attended Level (local versus global) x Hemisplfkeft versus right) ANOVA wa
also consignt with the results from the primary experimeatgaling a Level x Hemisphe
interaction [F(1,7)=18.7, MSe=14.5, p=.003; panj’=.73]. There were significantly mo
conjunction errors to local targets projected ®RH (18%) than to the LH (13%(7)=2.7,
p=.03; d=1.0) and significantly more conjunctionoes to global targets projected to the
(28%) than to the RH (22%; t(7)=4.3, p=.004; ds=bdth significant using Bonferro
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correction). There was no level x hemisphere interaction for feature éfrots,and no other
effects in the feature error analyses approached significant levels.

3.5. Experiment 5 Discussion

The results of Experiment 5 demonstrate that the selected SF in a previessiyted
stimulus facilitates shape-level binding in hierarchical displayeplicated the
disproportionately large incidence of conjunction errors relative to feattoes and the
modulation of these errors across the two hemispheres (Hubner & Volberg, 2005). Most
importantly, attentional selection of SF modulated shape-level binding in a ntamsestent
with hierarchical integration theory and the functional hemispheric literafttentional
selection of relatively LSFs reduced the hemispheric asymmetrjoloalgconjunction errors
and facilitated binding by the RH of letters to global level. Converselytaeieof relatively
HSFs reduced the hemispheric asymmetry for local conjunction errors ditdtéatbinding by
the LH of letters to local level. This SF modulation occurred despite any habitefects that
may have occurred from presenting the same SF gratings throughout thenerpéaibeit in
different orientations).

These results are consistent with DFF theory, but with a new twist. The cutigent da
together with Hiibner and Volberg's (2005) initial findings suggest that thenastygnin
selective tuning to SFs provides the basic features that segregate loglalahdevels, but
when attention is overtaxed and biased toward one SF than another, the shapes areyrtore likel
be perceptually bound incorrectly to the wrong level (as reflected by illusapedevel
conjunctions). That | did not find an interaction between SF and hemisphere is comstbtant
higher-level mechanism underlying the asymmetrical SF filterangss the two hemispheres.
That is, attention to relatively HSFs or LSFs did not generally faeilgeocessing by the LH or
RH, respectively. Rather, attention to SF modulated specific, task-ref@oaessing in each
hemisphere - namely, the binding of letter identity to hierarchical levak, &ithough HI theory
was proposed as an alternative to DFF theory, the results from Experiment 5 thaggast
hemispheric asymmetries in local versus global perception can be explaiaedimpination of
the two, and that selective attention to relative SF is the medium for shaplkehheleg.
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4. Using SF scales to process face features ardcctadiguration

4.1. Face perception: Relevant background

As explicated in 2.1, the use of Navon displays in studies of hierarchical perception has
the advantage of isolating local versus global processes from other probassesur during
normal object and scene perception. On the other hand, to fully understand the neural and
perceptual mechanisms involved in hierarchical perception, it is also imporedrnine
hierarchical processing as it occurs in the natural environment. Experimgmto@ehes this
guestion by examining the mechanisms involved in perceiving one of the most commonly
viewed hierarchical objects, the face.

4.1.1. Perceptual processes involved in face perception

There are many computations involved in the detection and identification of adiaee, s
of these shared with object perception generally, and some arguably more important for
processing faces. Neurophysiological investigations have uncovered aknetwagions in the
brain that seem to be selective to the processing of faces, including thieflsiéoen gyrus
(i.e., fusiform face area: “FFA”), lateral occipital gyrus and supdéemporal sulcus (see Haxby,
Hoffman, & Gobbini, 2000 for a review), though the precise role of each of these regions
remains uncertain. Faces are a unique object category because, unlike mastvobjact
experts at discriminating them as individual exemplars. Moreover, redess demonstrated
that this subordinate level of categorization is the default entry point for, falceseas we
identify most objects at the basic level (Tanaka, 1997). Finally, sinccall §hare the same
global organization of features (i.e., two eyes above a nose above a mouth), extendexiainaly
the inner face configuration as well as features has proven to be criticahtal face
recognition (see Maurer, Le Grand, & Mondlock, 2002 for a review). These tloteesfa
(expertise, subordinate level classification and heavy reliance on cohfgatgsis) are
interrelated and might account for why faces are represented distinatiypther objects in the
brain. The issue of whether faces are “special” is orthogonal to the c@seatch, however.
What is important is that, although there are many differences betassndnd Navon
displays, faces are commonly viewed hierarchical objects, and studies piiaeption have
revealed that normal recognition relies on the analysis of the basic gloicaliie, the features,
and their specific individual configuration.

Abundant research has revealed the importance of holistic processing offfacess, t
integrated processing of the features in conjunction. For example, a commag fhnati
illustrates holistic processing is the “whole-part advantage” (Daviddob&nelly, 1990; Tanaka
& Farah, 1993), that face parts are more easily recognized in the context dioledace than
when presented in isolation. Another well documented example of holistic face prgigskse
“composite face effect”, originally demonstrated by Young, Hellawdehay (1987). In this
paradigm, composite faces are generated by combining the top half of one feitewlibttom
half of a second face and the two halves are presented either aligned (irgg, thieasame
contour) or misaligned. Participants are asked to ignore the bottom half of the cosngadite
indicate if the top halves are the same or different. When the bottom halves ditfeipguats
are more likely to report that the top halves differ (even when they are theisaheealigned
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than in the misaligned condition. This suggests that when the faces are aligiogabpés
process the features in an integrated fashion and are thus unable to ignore the haetoriie
critical element of both the whole-part effect and the composite face isftbat perceptual
processing of a single feature of a face is influenced by the other fedtniestresses the
importance of holistic processing of the global structure including thefust relationships
between the features (i.e., two eyes above a nose above a mouth).

Research has also shown that face identification relies on computing sglatiahs
among inner face components, relative to each other and relative to the face conteur. Thes
computations have been termed second-order configural processing and aneishstthfyjom
the processing of the first-order configuration (Maurer et al., 2002). One wias$iecited
findings to support the importance of configural analysis for face identificatitrai faces are
much more difficult to identify when they are inverted (i.e., upside down) than whenréhey a
upright (“face inversion effect”; Valentine & Bruce, 1988; Yin, 1969). Reseasdiere claimed
that inverting a face breaks its spatial configuration, and it is therefougefily used as a
manipulation of configural processing (Leder and Bruce, 1998; 2000). For exammde aheld
Bruce (2000) asked patrticipants to make same/different judgments on pairssahfzicwere
either identical or differed on the basis of the second order configuration (e.g)gdpetoveen
the eyes). This task was much easier in the upright than inverted condition, swggpesti
second order configural information is easily, and perhaps automaticatbgtext from upright
faces. Configural computations are more difficult to make with inverted facdse athier hand,
and consequently these stimuli may be processed with a piece-meal stiletagfhrer non-face
objects (Moskivitch, Winocur, & Behrmann, 1997).

Although holistic and configural processing are considered vital to normal face
recognition, research has also found local analysis of the individual featlres&cessary.
Cabeza and Kato (2000) explored the contributions of configural processing versiesalinca
analysis by examining recognition of face prototypes that were cre#ted®y combining the
configurations of a set of faces (“configural prototypes”) or by merthiag features (“featural
prototypes”). Following an encoding phase, participants performed a recogrsan t@hich
they were presented with the prototypes, the original faces they had seen irothegephase
and a set of new faces. They were asked to indicate which faces they had seghaefor
assumption being that false recognition of either a configural or a feptatatype reflects the
information that is stored in memory, thus implying what information is imporarrfcoding
the face. Participants falsely recognized both configural and featuralypetotind this
prototype effect was equal for the two, suggesting that both the configuratiamdandual
features were encoded.

4.1.2. N170-effect: physiological marker of early face processing

The N170 component is an electrophysiological index of early face processiiig.alv
visual stimuli elicit negative or negative-going ERPs during this epoch (NI)1h@ is larger
(more negative) in response to faces than to other objects, a differenadredeas the “N170-
effect” (Bentin et al., 1996; George et al., 1996; Itier and Taylor, 2004a). Givexistenee of
this physiological marker of early face perception, one question resesaheverfocused on to
elucidate the mechanisms underlying the N170 effect has been whether i isemsitive to
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face features or to the face configuration. There is evidence that the fdatOseat least as
distinctive for isolated eyes as for full faces (Bentin et al., 1996; Itir,62006), and it is not
modulated by face identity (Bentin & Deouell, 2000), though there is also some eVidelse
sensitivity to repetition of identical faces (Jacques & Rossion, 2006). Nonethiedekld, 0-
effect is insensitive to the configuration of the face features within @téxbfrom the face
contour (Zion-Golumbic & Bentin, 2007). That is, the N170-effect is equally largesponse to
faces with normally-configured and spatially-scrambled inner compondmd, slightly
delayed in the latter condition. Hence, Bentin and colleagues have claim#tetNdL70-effect
is associated with basic-level categorization (i.e., face detectidajling the additional analysis
of face features elicited by default when faces are detected. Tieyundner argued that the
N170 effect is dissociated from other neural events involving second-orderurahpgpocessing
that contributes to the structural encoding of a face (Bentin et al., 2006; Sagivi&, R&02;
Zion-Golumbic & Bentin., 2007).

4.1.3. Relation of face processing to general hierarchical perception

The RH dominance for processing relatively lower SFs is consistent withnea
showing enhanced activity in face-related cortical regions (e.g., thgdveAthe RH than the
LH, since heavy reliance on global processing is characteristiceop&ception. The N170-
effect has also been reported to be greater over the RH than the LH, though thisrdanesit
has not always been significant. However, though faces have a hierarthittairs, it is
important to note that the global and configural aspects of a face are contingenhatuteef
the features. This differentiates faces from typical hierarchicalagispin which the global and
local levels are independent. For example, to perceive a global “S” made up 6T&c#he
spacing of the Ts is inconsequential (within certain limits). This is rdgrkkfferent from the
perception of a face, in which the spacing of the features is critical to tteppen of the global
structure. Thus, the relationship between global and local processing is presomoabl
integrated in face perception. Moreover, the distinction between global anducahéigalysis is
important to face processing, whereas this is not relevant to the perception afttigrarchical
displays.

Despite the differences between face processing and hierarchicatjwerde other
domains, it is clear that, for both faces and Navon displays, LSFs are more imfgortant
global/holistic processing and HSFs are more important for analyzingdsaFor faces,
Goffaux and colleagues (2005) directly linked configural analysis with the usFsfand
feature analysis with the use of HSFs in a face-matching task. In thatlstydnanipulated
either the spatial relations between the features of a face, or theesaiemselves, and found
that frequencies below 1.86c¢/d (8c/i) were more important when faces differedlasihef
second-order configuration, while frequencies above 7.44c/d (32c/i) were npaneant when
matching required processing the feature properties. In another studyhessagne SF filtering
conditions, Goffaux and Rossion (2006) found that the whole-part advantage and composite face
effect were both significantly larger for LSF faces than HSF faoggesting that holistic face
processing (as demonstrated by these two paradigms) is largely suppdr&esbyrhese
studies indicate that, indeed, the demand characteristics of the task coultheffétused in a
face image, supporting the idea of flexible usage of diagnostic informaticordang to which
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SF information usage is modulated by top-down factors (e.g., Schyns & Oliva, 128$15&
Schyns, 2006).

4.1.4. SF scalesrelevant for the N170

If the N170 is associated with a face detection mechanism, reflectingelvate-
categorization as well as initial processing of face features, itdsbeulelatively insensitive to
frequency scale. This is because face detection may rely on anaheifigt-order (global)
configuration (which preferentially relies on relatively LSFs) all aseprocessing the features
(which is presumed to rely more on relatively HSFs). Hence, the diffebeteen the N170
elicited by full-face and non-face objects could reflect either In&#mation (supporting the
global distinction) or HSF information (supporting the analysis of finer fegtuHowever,
studies exploring the frequency scales that elicit the N170 effect hdstedyimixed results.

Goffaux and colleagues (2003a) found that the N170-effect (face-car differesse
absent when SFs below 6.5c/d (32c/i) were filtered out of the images (i.e., higiHmassver,
the task in that study was orientation judgment, which may have encouraged pastittipa
adopt a strategy that diverted their attention from the face features. Supgustingtion, the
N170-effect was not enhanced by face inversion, as commonly found in N170 studies (e.g.
Rossion et al., 1999). In a different paper, Goffaux et al. (2003b) found further evidence for the
importance of task differences in determining the spatial scale gititenN170-effect. In a
gender categorization task, they replicated their previous finding: the Nfetdigés absent in
high pass filtered images. However, in a familiarity task that requacsdrecognition, they
found similar N170 effects for low- and high-pass images. Another study ergrpiricessing
of emotional faces also found no differential effects of frequency scale on theeN&G0-
(Holmes et al., 2005). Still another study using MEG found a reduction of the M170 only when
the image was low-pass filtered (Hsiao et al., 2005). No similar decreas®wnd for mid-
range or high-range.

Given that task demands modulate the use of SF scales, it is important to detegmine t
SF scales used by default during visual processing level of faces. Assumiiytheffect
reflects a detection stage in face processing, one way to address thangads/ determining
the SF scales that elicit the N170-effect during a basic-levejaraation task with minimum
additional task constraints. In an attempt to address this question, Halit et al.(280®&) face
detection task in which participants viewed spatially filtered stimulighiber contained a
famous face in noise or noise alone. The stimuli were presented at a brief exiuwation
(120ms) and participants were asked to indicate the presence or absefmeeatmbedded in
the noise. In addition to low-pass (i.e., LSF) and high-pass (i.e., HSF) sphitelgd faces,
they included two conditions that contained both low and high SFs: a “high-low face” eonditi
that contained the frequencies in both the LSF and HSF conditions (i.e., omitting trenged
frequencies), and a broadband face condition which contained all the SFs in the image. T
"noise-only” condition was a “high-low” condition in that it always contained both tivs B8d
HSFs, omitting the mid-range frequencies. Although the N170-effect wasngi@alSF faces
than HSF faces, the HSF faces elicited a significantly gredféd than high-low noise,
suggesting that HSFs, in addition to LSFs, are useful during basic-lexgbadaation of faces,
which is not surprising, assuming that basic-level categorizations @@ taglobal shapes.
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More importantly, the high-low face condition resulted in an even greater Nfietd-tfan the
LSF face condition, providing further evidence that HSFs are not redundant butintport
eliciting the N170-effect. The N170 was greatest in response to broadband faces.

Although Halit et al. (2006) used a face detection task, the question of what SFedare us
by default during face processing was not resolved in their study. Partgipaheir experiment
were actively searching for faces in the stimuli, a task that proved to be ifictdtdn the HSF
and high-low noise conditions than in the other conditions. Deciding if there is a faeatpre
noise might engage different processes such as attention to face cisticecterthe LSF range.
Top-down mechanisms of this kind might not be used as extensively when faces arekadt mas
Consequently, the aim of Experiment 6 was to explore the SF scales used hyirdetly face
processing when both faces and other objects can be ignored.

4.2. Aim of Experiment 6: SF scales used by default in €liciting the N170-effect

To examine the SF scales used in early face processing when both faces ascubjec
task irrelevant, | asked participants to detect infrequently presentedslameng a stream of
other items. Thus, unlike previous studies, | did not impose task constraints on the faces that
might recruit the use of certain SFs not otherwise employed during bakedeegorization of
faces. In addition, | examined how the effects of different manipulations oftianéi @re
modulated by SF scale. Assuming that face detection involves processing oaserfeafures
as well as the global structure, and that feature processing may relymbiSF scales than
configural processing, it is important to determine the relative usekd &86d HSFs on
processing face components. To this end, | presented participants withrfadetbtt were
canonical and intact, inverted and intact or without the global contour of the face.réégtipa
of the inner features was enhanced by presenting them in isolation (while sparinigtnal but
not the overall configuration), and | hindered overall configural analysis byirfaersion (Fig.
16). | compared the influence of low-pass and high-pass spatial filtering wittblaroh (BB)
stimuli on the N170-effect across these different manipulations. Similasftau@ et al.
(2003a,b) | equated overall spectral content across LSF and HSF conditiaitsrinyaa
reciprocally filtered background texture to each filtered stimulus. Shatch LSF stimulus was
combined with a HSF background texture and vice versa.

4.3. Experiment 6 Methods
Participants

Twenty five undergraduates from the Hebrew University in Jerusalersipatéid in the
experiment. All had normal or corrected-to-normal vision and gave informed cassent
approved by the University of California, Berkeley CPHS (#2004-6-25).

Simuli
The original stimuli were photographs that were digitally scanned and traesfanto
grayscale. None of the faces had glasses or jewelry. 76 differenti stienalpresented in each

condition. The stimulus categories were: upright full faces, inverted faokset inner face
components (“inner components”), cars, and flowers.
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Upright Full
Faces

Inner
Components

Inverted Faces

Cars

Flowers

Figure 16. Examples of stimuli in Experiment 6. Participants pagsively viewed stimuli and pressed a
button every time a flower appeared on the screen. BB: broadband stimuli: LSF: low-pags gpatially
filtered stimli: HSF: high-pass spatially filtered stimuli.
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There were three filter conditions; broadband (BB), low-pass filter (B8&)high-pass
filter (HSF). The pair of LSF and HSF filter cutoffs was determinedhabthe contrast
sensitivity was equal within each cutoff SF. The low-pass cutoff was 0.9c/d and theakgh
cutoff was 5c/d. Seen from a distance of 70 cm, these corresponded with 4c/i and 22e/i for
low and two high cutoffs, respectively. As in Goffaux et al. (2003a, b) eachdiltasge was
combined with a reciprocally filtered background texture so that the resultingisylare
equated for spectral content across LSF and HSF conditions. The broadband smuli w
presented as hybrids with the same background texture in its broadband version. The éuminanc
of all stimuli across all three filter conditions was equated using a hoade-ktatlab algorithm.

Procedure

Following electrode montage, participants were seated in an elegtscelded and
sound attenuated booth. They were instructed to maintain central fixation and lpuéss a
every time a flower appeared on the screen. Examples of LSF and HSF fievershown to
familiarize participants with the nature of the stimuli. A short practicekijpoeceded the
experimental blocks, which was identical to the experimental blocks but halhtth.|All
filtered stimuli were intermixed and presented in random order, at a rate okiapaiely 1
stimulus/second, in four filtered experimental blocks with short breaks between. [8takslus
exposure time was 350ms. The 4 filtered blocks were followed by a BB block, which was
identical to the filtered blocks except that the stimuli were presented irotiggival BB
versions.

EEG recording and analysis

The EEG analog signals were recorded continuously by 64 Ag-AgCl piratype
electrodes mounted on an elastic cap (ECI) according to the extended 10-20 apdtéom
two additional electrodes placed at the right and left mastoids, all redeireec Eye
movements, as well as blinks, were monitored using bipolar horizontal and vertical EOG
derivations via two pairs of electrodes, one pair attached to the externa) aadtthe other to
the infraorbital and supraorbital regions of the right eye. Both EEG an EOGaraped at 250
Hz using a Biosemi Active Il digital 24-bits amplification system withaative input range of -
262 mV to +262 mV per bit without any filter at input. The digitized EEG was saved and
processed off-line.

The ERPs were analyzed with Analyze-Brain Products, Inc. The dataeferenced to
the tip of the nose. Blink artifacts were corrected by a subtraction of VE@@Eaents with
ICA. Additional EOG and EEG artifacts were removed monitoring the bipolar EQ@tiens
and the posterior lateral EEG sites P8, P10, P08, right mastoid, and the homologousrsites ove
the LH. A change in voltage of more than B0 during a 100 ms epoch in any of these channels
was considered an artifact and the EEG recorded in the interval 200ms beforerattd aft
artifact was removed. Following this artifact removal procedure, moned® of the trials
were preserved in each average. After removal of artifacts the ES@igitally filtered
between 0.8 and 17Hz (12dB), segmented and averaged separately for each tstp@UAIs
epoch of 100 ms prior to onset was used for baseline correction.
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The peak latency and amplitude of the N170 component was extracted at the maximal
negative amplitude between 150 and 220ms at 6 posterior lateral sites: P8, P10, PO8 and the
homologous sites over the LH. These sites were selected a priori based ongxsawilies.
Additionally, the peak latency and amplitude of the P1 component was extracted akitmaim
positive amplitude between 75 and 110 ms at the same sites. ANOVA with repeatetemeas
and post hoc univariate contrasts were used to assess the statisticabsigmidif the observed
effects and, whenever necessary the degrees of freedom were adjustéldeuSreenhouse-
Geisser procedure.

4.4, Experiment 6 Results

The EEG data were processed and segmented individually for each stimulusitype an
experimental condition. Initial scrutiny of the waveforms showed a norrsal N4 70-effect
across all SFs (Fig. 17A). It seems that the major effect of figern the N170-effect was a
delay of the peak latency that was larger for the HSF than for the LSF oasdiowever, note
that the delay already started at P1, suggesting that it might reflectltiena# of a visual
process that is not specifically related to face processing (Fig. 18)elhélbasic N170-effect
(Fig. 17A), the effects of face inversion and isolating inner componentsaffected by filtering
(Fig. 17B). Both effects were reduced for filtered stimuli relatovBB. Comparing low- and
high-pass filtered stimuli, there was no obvious difference between thend3FSt conditions
for inner components (i.e., faces without contour), while the inversion effectomgseately
eliminated in the HSF condition. Because the ERPs described above weed blycit complex
visual pattern that included a meaningful foreground image and a reciprataigadf
background texture, we sought to analyze these data after reducing thefdfieaneaningless
texture. This could be done with straightforward subtraction of the wavefornteceby cars
from those elicited by each face-related stimulus at each SF scal¢heviesidual being the net
face-specific effects. However, such a subtraction is meaningless in seafset of data due to
the high variation in latency across SF scales. We thus subtracted the peak Niftdesnpl
elicited by cars from the peak N170 amplitudes elicited by the threedtated stimuli in each
filter condition for each participant regardless of latencies and used thignid#eas our
dependent variable in the statistical analyses. This subtraction also contoRddrelated
influences on the N170 (there was no main effect of filter on P1 amplitude [F(2,48) < 1.00].
These data are presented in Table 2 and Fig. 18.

The initial statistical evaluation of the N170-effects was based on dedpaaasures
four-way ANOVA. The factors were Stimulus type (upright face, inverted faner
components), Filter (BB, LSF, HSF), Hemisphere (LH, RH), and Site (P@/B8PP9/10)
followed where indicated by post hoc contrasts. Whenever necessary, the a¢dreedom
were adjusted using the Greenhouse—Geisser correction. This analysesinesalsignificant
main effect of Stimulus type [F(2,48)=21.6, p <.001], as well as of Filter [F(2, 48)=11.1, p <
.001]. The effect of hemisphere only approached significance [F(1,24)=3.5, p=.075] rgeth la
mean N170 amplitude effects over the RA.L uV) than the LH 1.3 uV). The effect of site

> These sites were selected a-priori on the bagisevious studies.
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was also significant [F(2,48)=3.7, p < .05]. Moexealing was the significant interacti
between Stimulus type and Filter [F(4,96)=9.0, p&1] that was qualified by andency for a
threeway interaction between Stimulus Type, Filter aité §-(8,192)=2.4, p=.061]. |
addition, there was a significant interaction betwé&ilter and Site [F(4,96)=5.6, p < .005].
other effects were significant, albeit there wasraleicy for Hemisphere to interact with bc

A B
P9 (LH) P10 (RH ) P9 (LH) P10 (RH)

1 2000 4ms] O 2000 400[ms] O 2000 40ms] O 2000 A0[ms]

— Upright Full Faces — Upright Full Faces
— Cars — Inner Components
— Inverted Faces

Figure 17. ERPs elicited by experimental stinmli in each filter condition in Experiment 6. Note that
these ERPs reflect the regponse to both the experimental stinulug (foreground figure) and the
reciprocally filtered background texture, so comparizons across frequency scale should be made
cautiously. The effect of the backaround texture wag dinunighed in the analy ges by subtracting the peals
N170 amplitude elicited by cars trom the peals N170 amyplitude elicited by each face-related stimulus
within each filter condition. (A) The bagic N170-etfect (upright full faces v, carg) is similar i each SF
gcale. (B) The enhancement of the N170 amplitudeto izolated components is seen in all 3 gpatial
frequency scales, whereag the enhancement to mverted faces iz only seen in BB and LSF conditions.
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Filter [F(2,48)=2.6, p=.08] and Stimulus type [EA2)=2.6, p=.09]. Analyzing the thr-way
interaction first, | found that the t-way interaction between Stimulus type and Filtes
significant at all sitesalbeit more conspicuous at P9 and P10 than at sitest Based on th
similarity, as well as on the previously establipesterior lateral distribution of the N1-
effect, | continued analyses with a focus on P9Rh@ only

P9 (LH) P10 (RH)

0 200 400 [ms] 0 200 400 [ms]

BB upright full faces
LSF upright full faces
HSF upright full faces

Figure 18. ERPs¢ elicited by upright full faces in each frequency condition in
Experiment 6. Note that the latency delay elicited by LSF and HSF stimuli
relative to BB starts before the N170at P1 {denoted by arrow).

D Upright Full Faces
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Figure 19. Mean amplitude difference between the N170 elicited by each face-related
stimulug and that elicited by cars (N170-effect) in Experiment 6. Within each filter condition,
comparigon of the N170-effect for each tace related stimulug. P9: LH electrode site; P10: RH

electrode site.
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The factorial analysis at P9 and P10 mirrored the 4-way analysis. Whsre significant
main effect of Stimulus Type [F(2,48)=23.2, pb.001]. Post hoc contrasts showed that across
filters the amplitude of the N170-effect elicited by upright faces wadlant-1.0 uV) than for
that elicited by inner components and inverted fac22uV and—-2.7 uV, respectively;
F(1,24)=52.1, p < .001], with no significant differences between the latter two conditions. The
main effect of Filter was also significant [F(2,48)=5.4, p < .01]. Post hoc canstastved no
difference between the BB and LSF stimull.Q uV and—-2.3uV, respectively), both producing
a significantly larger N170-effect than the HSF stimuli.p uV; F(1,24)=9.8, p <.01]. The
main effect of Hemisphere showed a tendency for significance [F(1,24)=3.9,.pEhegjnly
significant interaction was between Stimulus type and Filter [F(4, 96)=9.1, p < TaDé&xplore
this interaction | analyzed the Filter effect separately for edntufis type with the N170-effect
as the dependent variable.

Table 2. Mean amplitude difference (V) between the N170 elicited by each face-relatedwus and that
elicited by cars in Experiment 6.

LH Electrode Sites RH Electrode Sites
P9 P7 PO7 P10 P8 P08
BB  -0.48 002 052 062 -013  -0.18
Upright Full LSE  -0.12 -0.15 -0.81 169  -1.84  -1.69
Faces
HSE -091 -0.06 0.11 2123 -040  -0.02
BB  -241 -121 -1.05 349 264  -2.55
Inner LSE  -2.10 -159 -1.90 264  -3.02  -3.20
Components
HSE  -1.48 -1.07 -0.89 255  -1.72  -0.90
BB  -3.06 -275 -2.79 2400 -390  -4.30
Inverted Faces LSF -2.52 -2.99 -2.58 -3.66 -4.02 -3.73
HSE -144 -097 -0.27 146 -0.77  0.09

For upright faces the N170-effect was similar across filters [F(2148) p=.19], and
across hemispheres [F(1,24)=1.0, p=.32]. There was also no interaction between Hutonso f
[F(2,48) < 1.00]. For inner components the main effect of Filter was significahdf€4.1, p <
. 05]. Post hoc contrasts showed that the N170-effect for HSF stimuli was sinhig&if to
[F(1,24) =2.8, p=.11], but smaller than the effect elicited by BB stimuli [F(1,24)=10.0, p.< .01]
The Hemisphere effect was significant [F(1,24)=7.8, p < .01], showing that the N&c¢Otef
inner components was larger at P3R.8 uV) than at P92.0uV), and there was no interaction
between the two factors [F(2,48) < 1.00]. Finally, for inverted faces Fatkalsignificant main
effect [F(2,48)=19.7, p < .001], while the Hemisphere effect was not significant [<2,24)
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p=.09], and neither was there an interaction between the two factors [F(2,48)=2.4, p=.10]. Post
hoc contrasts showed that there was no difference between the N170-efitect leyicnverted

faces in the BB and LSF conditions [F(1,24)=2.0, p=.17], which were both significargér |

than the N170-effect elicited by inverted faces in HSF [F(1,24)=31.2, p < .001].

Analyses of the N170 peak latency differences were performed taking iotenaticat
these differences might have started earlier, at P1. Although the P1 ampiitsidet affected
by any of the independent variables, its latency was significantlyedféy filter condition
[F(2,48)=44.3, p < .001]. Moreover, as shown in Fig. 3, the sequence of P1 peaks in the different
filter conditions was similar to the visible effect of filter on the N170 kageherefore, in order
to isolate the experimental effects on the latency of the face-selecticess reflected by the
N170 | subtracted the P1 latency from the N170 latency. The ANOVA design fonéysia
was similar to the one used for amplitude except that the Stimulus type fatidedhcars as
one of 4 level$(Table 3).

Table 3.Mean latency difference (in ms) between the peakNatency and the peak P1 latency for each stisnulu
condition in Experiment 6.

LH Electrode Sites RH Electrode Sites
P9 P7 PO7 P10 P8 P08
BB 57.5 59.3 54.1 56.8 56.7 55.0
Cars LSF 60.8 64.8 61.1 58.1 57.8 57.8
HSF 69.1 66.9 66.2 61.4 60.6 58.8
BB 50.4 55.8 53.9 47.3 49.7 50.0
Upright Full  or 553 622 583 506 512  50.1
Faces
HSF 65.6 63.9 61.7 62.2 57.2 57.2
BB 56.1 59.8 57.7 53.9 57.3 55.5
Inner LSE 601 603 583 53.9 592  56.6
Components
HSF 69.7 63.1 64.2 61.6 58.1 59.2
BB 53.9 61.2 57.8 50.3 53.6 52.3
Inverted Faces LSF 61.1 64.5 63.2 55.2 60.8 58.6
HSF 74.5 73.8 69.8 65.8 61.9 63.1

®lincluded cars in the analysis of latency to asskes filter effects that were face-specific anosththat were not.
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The 4-way ANOVA of the adjusted latencies revealed significant masatefof
Stimulus type, Filter and Hemisphere [F(3,72)=5.4, p < .01; F(2,48)=18.8, p <.001,
F(1,24)=15.5, p <.001, respectively]. The main effect of Site was not significant [FR.38)=
p=.24]. Post hoc contrasts showed that across filters the N170 elicited by cacsthedktest
but not significantly later than those elicited by inverted faces [F(1,24)=1h@jhweaked later
than inner components [F(1,24)=9.0, p <.01], which in turn, were later than faces [F(1,24)=10.2
p <.01]. Post hoc analyses of the Filter effect showed that the N170 peaked a8 tHan
LSF stimuli [F(1,24)=11.1, p < .01], which in turn were earlier than for HSF stimuli.
[F(1,24)=21.6, p < .001]. Importantly, the interaction between Stimulus type and Fikerots
significant [F(6,144)=1.4, p=.22), suggesting that the filter condition had sirfféatseon
latency for all stimulus types. There was also no interaction betweenl&iiype, Filter and
Site.

In summary, the results of Experiment 6 showed that the size of the basic N&ctO-eff
(faces relative to cars) was similar across BB, LSF, and HSFddtelitions, while its latency
(after controlling for P1 effects) was delayed by both filtersikeddb BB, but more so by the
HSF than the LSF. Similarly, while both filters reduced the N170-effechif@r components
relative to BB, there was no difference between the LSF and HSF, conditionghévlatency of
the N170 peak was delayed for inner components as for faces. In contrast, the amplitude
enhancement of the N170-effect by face inversion, while similar for BB 8&dcbnditions, was
not present in the HSF condition. That is, for HSF stimuli there was no differemezebdiaces
and inverted faces. Again, the latencies were shortest for BB stimuli, &allow LSF stimuli,
and longest for HSF stimuli.

4.5. Experiment 6 Discussion

The results of Experiment 6 support other recent evidence suggesting thaSbatharidl
LSFs are used during early stages of face processing. Early evidpoded by Goffaux et
al. (2003a) found that LSFs were sufficient to produce the N170-effect for ufaragist Later,
Halit et al. (2006) showed that HSFs are not redundant but provide important information in
eliciting the N170-effect when faces are targets. The present redeltsl ¢lxeir findings to
demonstrate that the SF effect is not limited to conditions when attention ieditedaces, but
is also evident even when faces are part of the distracter set. Moreovertalfitilet al. found
LSF faces elicited a greater N170-effect than HSF faces, thésrésah this study demonstrate
that the two scales are equally important when faces are not the targetsighltarget
relevancy is the most obvious difference between the study by Halit et al. anotrédrg study,
there are also other differences that should be considered. For instance, dflalised a higher
high-pass filter (24c/i rather than the 22c/i in my experiment) and thus incluedel $s that
might help the efficiency of face categorization. They also used a higher ssafper (8c/i
rather than the 5c/i in the present experiment), thus including higher LSFsayhalso increase
efficiency of face categorization in their LSF condition. Whether or not thiéfeeences are
substantial enough to account for the differences between my results and theieseheqata
demonstrate that the distinction between faces and cars, as reflectedNiy @heffect, is as
efficient when based on HSF channels (above 5c/d) as when it is based on LSk cbatowe
0.9c/d). Relatively HSFs and LSFs were automatically accessed duliynfpea categorization.
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The results from Experiment 6 also extend those of Goffaux et al. (2003a), who found
that the N170-effect was only present when LSFs were included in the stiartiGigants in
that were requested to determine the orientation of the stimuli (face apdagmin making
faces task relevant. When faces are not task relevant, as was thethagerésent study, both
high and low SF information is extracted, at least for upright faces. Althougght be
expected that the N170-effect would be robust to task differences, the evideticertoge
demonstrates that its interaction with the SF spectrum is affected by toppdogesses
(Goffaux et al., 2003b). In the present study, | found no face inversion effects whesFhe L
were excluded from the image. Again, there were differences betwdefiltdScutoffs in mine
and Goffaux et al's study. Specifically, in the HSF condition, they used a G&idfi ahich is
considerably higher than those used either by Halit et al. or by myself. Htes@ems that
excluding SFs below 22c¢/i (the present study) leaves face processing agthdictdte N170-
effect intact. Excluding SFs below 24c/i (Halit et al's.2006 study) redueedftbiency of the
system to distinguish between faces and cars (as reflected by adrédutie effect), while
excluding spatial frequencies below 32c/i (Goffaux et al.'s 2003a studyhales the N170-
effect entirely, although faces can still be detected in this range. Taeeddes between these
studies underline the importance of a systematic investigation of the $Bsetin@cessary to
obtain the N170-effect and how the range of these frequencies is modulated byrastsie

The present results also revealed new effects of SF filtering on the Npd@sedo
different face-related stimuli. In the BB condition, both inner components andedvades
elicited and increased N170 amplitude relative to upright full faces. Tlist &fhs seen across
both spatial scales for inner components but only in the LSF stimuli for inverted Aditeough
both of these manipulations in BB stimuli have been described as affecting “califigur
processing, they do so in different ways. The present results demonstraieylattalso
sensitive to different SF ranges, and these can be observed as early as thad¢lin@eFsion
effects were driven entirely by the LSFs, while responses to inner comppnahised an
increased N170 for BB, HSF and LSF stimuli. In other words the consequencesgihgtthe
face configuration by inversion and manipulating the salience of the inner camgpone
passive face viewing are different.

It is particularly surprising that the inversion effect on the N170 was found in the LS
and not the HSF condition because it is commonly assumed that inversion breaks the face
configuration and triggers part-based processing (e.g., Bartlett angy,SE398; Carey, 1978;
Carey and Diamond 1977; Rhodes, Brake, & Atkinson, 1993; Tanaka and Farah, 1993). For
example, previous behavioral data have shown that while faces are recegagztdies when
blurred as well as when inverted, combining these two manipulations renders uniauaegniz
faces (Collishaw and Hole, 2000). This is presumably because blurring a faces ifgatite
processing while inversion inhibits configural processing; while redognitas still possible
when only one of these factors was present (i.e., blurring alone or inversion dlams)not
possible when both were present (i.e., blurring+inversion). If first-order cwafigrocesses that
denote a potential face are inhibited when processing inverted faces, as hagumgn a
manipulations that change the ability to extract configural information should not be
consequential. Specifically, the fact that HSFs disrupt configural processiig,L\8Fs do not,
should not matter. In contrast, as previously reported (Goffaux et al., 2003a), tint pEresks
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suggest that face inversion effects are absent in HSF while present stitn®k. This suggests
that, although extraction of configural information is much more difficult in an tede¢han
upright face, it is nevertheless attempted.

The similar response to inner components across LSF and HSF conditions provides
additional evidence that HSF scales are used by face-selective mechassociated with the
N170-effect. As with BB stimuli, the N170-effect was larger for inreengponents than for
upright faces in both SF scales, albeit peaking later in the HSF condition. Mgreover
enhancement of the N170 elicited by inner components relative to full uprightwasesqual in
both the LSF and HSF conditions. As suggested by Bentin and colleagues in previass studi
(e.g., Bentin et al., 2006) the enhancement of the N170 to inner components relative to the full
face reflects particular sensitivity to features that produce the Bfféé: That is, removal of
the face contour may enhance feature processing while reducing configaegging, leading
to enhancement of the response. This enhancement was seen in both SF scales in the present
study, suggesting that the common finding that inner components generateealt&a than
full upright faces (in BB) seems to be carried by LSF and HSF information.

Finally, it is noteworthy that, unlike in many N170 studies, the manipulation of SF range
(and possibly the interaction of this manipulation with factors affecting the N1@®)jdpaficant
effects on the P1 component that precedes the N170 where selectivity to facesisisttrtly
found (cf. Itier and Taylor, 20044, b). These effects were found here for P1 amghtiides
primarily on peak latencies. Although | took steps to alleviate the confound sedjggghe P1
modulation between face-related and image-related effects by sulgrhetiP1 latency from the
N170 latency, the robust effects on the P1 latency could have extended beyond its peak, and
therefore the interpretation of the SF-scale effects on the N170 latencyg beardnsidered
cautiously. That said, it is apparent that, even after subtracting the RdyJatenN170 latency
was modulated by both stimulus type and SF scale. The effect of stimulus typeNdrYthe
latency conformed to a delay of this component for inverted faces and isolated cotapone
relative to upright faces. While the interpretation of this effect iswstdler debate, this
discussion is outside the scope of the current investigation. HSF delayed the N17Catieak in
conditions, but it did not interact with inversion or components' isolation. The absence of this
interaction makes it difficult to interpret these effects in terms of fameessing mechanisms.

In conclusion, the results from Experiment 6 suggest that multiple processeatadsoci
with face detection are reflected in the N170-effect, and that they ffaxslel both LSF and HSF
channels even when the basic-categorization of thé imoet task-relevant. Further research is
required to clarify the nature of the difference between face inversion amdr@hipulations
that may enhance feature processing (e.g., isolating the inner componet$e ¥arrent
results indicate that these two manipulations are not simply two equivaltddeef
decreasing the role of configural processing. Moreover, along with behastiodéds (e.g.,
Schyns and Oliva, 1999) the current findings point to a need for systematicgatiest of
interactions between the characteristic task demands and SF scales iasBi&#H as in
psychophysical data.

’ Obviously, faces were categorized as “not flowénst' so were cars. Therefore, the base-level catzgor
distinction between faces and cars was incideattid task.
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5. Concluding Remarks

The present investigation examined the role of SF processing on hierarchiegtipa
in general as well as in the context of face perception. Previous reseaestaidished an
association between processing HSFs versus LSFs and local versus glodqatiqrer
respectively, both for Navon displays and for more natural hierarchical oblecfades. The six
experiments reported here expounded on that research, demonstrating that theéassociat
between SF processing and hierarchical perception involves a top-down attengohahism
that interacts with low-level visual SF channels, therefore allowinthéoflexible use of SF
scales during local and global processing.

Experiments 1-4 revealed that attention to local and global aspects of ahidatarc
stimulus biased the selectionrefatively low andrelatively high SFs during image processing of
a subsequently presented compound SF stimulus. This bias occurred despite andhange i
response dimension (from letter identification in the hierarchical stimuloentation
discrimination in the grating), and despite a difference in retinal locatidredfiérarchical
stimuli and the grating stimulus. Most importantly, the bias was determynige lelationship
between the two SFs in the compound grating (i.e., their relative frequency)thati¢he
absolute SF values. The notion that attentional selection of relative rather tblanea85s
underlies local versus global perception is one of the main tenets of the DFF theory of
hierarchical processing (lvry & Robertson, 1998), but was not explicitlydtestt# now. That
relative rather than absolute SF drove the priming effects in these expsrisnelear evidence
that SF selection in hierarchical processing is more than the mere leMpéeeptual
processing of SFs in the image.

Experiment 5 extended DFF theory to provide a possible mechanism for the iategrati
of elements in hierarchical displays with the level at which they occur, by sipdhwat attending
to relative SF modulated the hemispheric asymmetry in element-levehitbegiSpecifically,
attentional selection of higher SFs facilitated binding by the LH of shaples local level and
attentional selection of lower SFs facilitated binding by the RH of shaples giabal level.
Consequently, the results from Experiment 5 unified two seemingly disparaiie $hef
hierarchical processing, DFF and HI, into a single framework by stiggdisat SF selection is
the medium for hierarchical integration.

Finally, Experiment 6 examined the use of SF scales in early stages péfaeption, as
reflected in the early physiological marker of face categoomathe N170-effect. Importantly,
by using hybrid images of spatially filtered foreground images (L3#S#) with reciprocally
filtered background images, the spectral information in the displays were etpraaédiltered
conditions in Experiment 6, and thus the observed SF modulations on the N170-effect could not
be due to low-level SF differences. Instead, these modulations reflect thediagFs that
were important to process each stimulus category. The findings from Erpée6mevealed that,
though the N170-effect reflects a relatively early face-procestgg,sboth HSFs and LSFs
contribute equally to the N170-effect found for upright BB faces, but thatetitfeonfigural
manipulations may reflect separate processing mechanisms that relfecendiSF channels.
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Taken together, the results from the six experiments reported here rethforesion
that neural mechanisms involved in higher-level visual processing flexibly$is and HSF
channels depending on task demands and diagnostically-driven biases (Morrisom&, Schy
2001; Schyns & Oliva, 1999). This is not trivial, because during early stagesialf vis
processing, LSF information is processed by the faster magnocellularmyathiaereas HSF
information is processed by the slower parvocellular pathway. Thus, somehessiiave
proposed that scale selection may be fixed, following a coarse-to-fineepsaan (Breitmeyer,
1984; Fiorentini, Maffei, & Sandini, 1983; Sergent, 1982; Ginsburg,1986; Parker et al.,1992).
However, it is important to note that the flexible use of spatial scales for Heyetiperceptual
processing does not preclude an initial bias for coarse information. Neutamisus involved
in higher-level perceptual processing may flexibly use LSF and HSF chatesgite an initial
advantage for LSF information. The current experiments provide strong evilahteet outputs
of low-level visual SF channels are flexibly used for higher-level process$ingal and global
elements of hierarchical displays.
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