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Parsing a Mental Program: Fixation-related Brain Signatur es of

Unitary Operations and Routinesin Natural Visual Search

Abstract

Visual search involves a sequence or routinenafity operations (i.e. fixations) embedded in
a larger mental global program. The process caeeitide seen as a program based on a while loop
(while the target is not found), a conditional doast (whether the target is matched or not based o
specific recognition algorithms) and a decision mgkstep to determine the position of the next
searched location based on existent evidence. Rdegalopments in our ability to co-register brain
scalp potentials (EEG) during free eye movemenssatiawed investigating brain responses related
to fixations (fixation-Related Potentials; fERPisicluding the identification of sensory and cogreti
local EEG components linked to individual fixatiomowever, the way in which the mental program
guiding the search unfolds has not yet been inyatsd. We performed an EEG and eye tracking co-
registration experiment in which participants shattfor a target face in natural images of crowds.
Here we show how unitary steps of the program amepded by specific local target detection
signatures and how the positioning of each unitggration within the global search program can be
pinpointed by changes in the EEG signal amplituwevell as the signal power in different frequency
bands. By simultaneously studying brain signatafesgnitary operations and those occurring during
the sequence of fixations, our study sheds liglt ow local and global properties are combined in

implementing visual routines in natural tasks.
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1. Introduction

Most daily tasks —for example reading this sergenmvolve a sequence of operations.
During the last few decades, there has been armmatation of knowledge about how the brain
computes unitary operations. In contrast, the meisims by which unitary operations are assembled
in programs and routines in the brain have seenpacatively very little investigation [1-7]. One
prominent example of a mental program comes frotarabviewing, where two levels of processing
must be integrated in real-time: visual processihgach stimulus, and the integration of informatio
along the sequence to achieve the goal of the withele However, little is known about brain acfvit
in natural viewing as obtaining EEG potentials rgrinsically difficult because eye movements

heavily contaminate brain signals.

In fixed-gaze scenarios, sequential-decision ntakias been one specific case in which the
iteration of unitary operations of information ugidg has been studied in human neurophysiology
[5]. Lange and colleagues showed a gradual reducticortical activity with each sample: activity
was inversely related to the accumulated evidewbé&h was interpreted as a reflection of top-down
influence on sensory processing [8]. These redulift on single neuron studies in macaques,
reporting that neuronal activity was modulated Iy ¢vidence accumulated throughout a sequence of
simple operations in neurons in the parietal cof®xand in more complex visual tasks by recordings
in the primary visual area [10]. In humans, earRFEstudies have shown that in fixed-gaze oddball
experiments the amplitude of the P3 component, gimgmwhen the target is detected, is modulated
by the inter-stimulus interval (ISI) [11-13]. In mastudies, this has been related to the concept of
expectancy and surprise and led to the predickianR3-like components could act as a corticalxnde
to a discrete sequence of accumulated processeBdybnd discrete event-related potentials, some
experimental evidence suggests the involvememwwifiequency oscillations (theta, alpha and beta)
in integrative brain processes, while high-freqyeoscillations (gamma-band oscillations) are sought
to reflect the circuit-level mechanisms mediatiogdl encoding processes (either sensory or motor),

although both could involve neuronal activity withhe same cortical region [14]. For instance, top-
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down attention has a different spectral profilarirthe local encoding of sensory features in primary
visual cortex [15], and decision-making has a d#fe spectral profile from that of motor planning
[16-19]. Large modulations in the alpha-band hawenb associated to both event-related
desynchronization (ERD) and synchronization (ER3)e most common observation is that brain
areas that are activated during a task exhibit ERi®reas areas associated with task irrelevant and
potentially interfering processes exhibit ERS. Thhe latter process is usually associated with an
inhibition, and the former one with the releasehait inhibition. This has been observed, for instan

in tasks that vary stimulus modality (e.qg., Visual Auditory) [20], stimulus processing domain (g.g
related to the ventral vs. dorsal processing stydadj or stimulation side (e.g., stimulation ofeth
right vs. left visual hemifield) [22,23]. The chawyin alpha-band frequency power are also
progressive, as shown by the temporal spectralugeal (TSE) waveforms in many tasks. For
instance, when a warning signal preceded a tangabio-target in an oddball task, the alpha-band
oscillations not only responded to the identityté stimulus but also to the expectancy of the
upcoming stimulus [24]. Desynchronization of aljdesa activity has also been reported when the

anticipation of an impending target increases [25].

Eye movement and modeling approaches to visuatiseand to focus on general planning of
the scanpath, and how image properties modulate fpaition duration and position distributions
[26—-32]. Other experimental approaches includedfigaze neuroimaging studies with a single
spatially spread stimuli presentation, or sequdnti@entered stimuli presentations. Single
presentation EEG studies tend to focus on the héaasis of spatial covert attention and its
mechanisms [33,34], while serial visual presentegtifixed-gaze) are mostly used to study the neural
correlates of target detection/identification wibhrert visual attention [13,35]. Regardless of the
methodological approach, much of what is knownhia field comes presenting ‘synthetic’ stimuli,
ranging from simple bars and sinusoidal gratingstteer typical laboratory stimuli including pre-

segmented objects and faces. Consequently, therbe®m an increasing interest in visual search of



natural scenes as the complexity of natural scemgs provide a greater depth of the behavior for

investigation [36], particularly in free-viewingsual search [37].

Recent studies have started to combine EEG andneyements [38—42]. They have shown
that it is possible to reliably measure brain attivelated to the visual information retrieved rfro
each fixation, which has begun to close the gawden these approaches. This opened the possibility
to combine these lines of research and study humeanophysiology of visual overt exploration of
natural scenes. In particular, previous studie® liavestigated brain activity elicited on each fiaa,
showing that a clear P3 arises from both syntljé6¢43—45] and natural [46] stimuli. Moreover, the
P3 component is observed both when a target stanislembedded in the middle [40] or at the end of
the stream of fixated items [43,45-47], and itabust enough to be detected in a trial-by-triaidas
[43,45-47]. This component has been used as paatlohin computer interface (BCI) system for
assistive technologies [47], as well as to inveségother “real world” applications such as
understanding information systems [48], or the tperception driving test [49]. Most studies have
focused on the comparison between target and clistraesponses (but see [44] for sequential
differences among distractors) [33,34]. A few cgis&ation studies have also focused on eye
movements over natural scenes but in scene pesoeptid memorization, and described the early
processing of the fixated patches [41,50-52]. hecent study [46], we showed that there is a high
similarity between fERPs recorded in an eye movdémisual search task and ERPs recorded in a
fixed-gaze experiment with similar stimuli. This swveeflected both in early visual potentials, bsbal
in a late potential that discriminated targets fralistractors. One pitfall of that study is that
participants were explicitly instructed to perfotamg fixations. This aimed at eliciting comparable
number of long epochs with fixations to targets diedractors at the expense of ecological validity,
since in natural viewing the processing of eaclglsirstimulus has to be combined with the

information integrated throughout the task.

Here, we aimed to investigate the existence oinbsgnatures for unitary operations and

mental programs in a completely free viewing vissehrch task. To date, this has only been
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addressed in very few studies and they all usesllfgaze paradigms. We hypothesized that local
processing in unitary operations under fixed-gapeld/ be conserved in natural viewing, and could
be captured by fixation-related components. Funtioee, we also hypothesized that signatures of
global integration of information along the taskulMbbe reflected in modulations in the P3 amplitude
and low-frequency oscillations. We propose a schiem&amework to link the identified

electrophysiological signatures with underlyingemative processes in natural viewing, which could
form the basis of future theoretical frameworkgyate control integrating electrophysiology and eye

movements in natural viewing.

2. Materials and M ethods

2.1. Participants

Seventeen subjects participated in the experir(Ehtmale/4 female; aged between 21-31
years). All subjects weneaiveto the objectives of the experiment, had normalarrected to normal
vision, and provided written informed consent adawy to the recommendations of the declaration of

Helsinki to participate in the study.

2.2. Apparatus

Stimuli were presented in a 21-inch cathode réag CRT) monitor with a screen resolution
of 1024 x 768 pixels and at a refresh rate of 78dhjects sat 60cm from the monitor in a chairhwit
their heads stabilized using a specially desigbeek rest’ (to avoid EEG artifacts from muscular
activity from the jaw) and responses were made staadard ‘qwerty’ keyboard. All stimuli were

were presented in MATLAB (MathWorks 2000) using B&y/chophysics Toolbox extensions [53,54].



2.3. Stimuli

In the database there were 60 gray-scale imades.images were of football crowds in
stadiums, each image was 800x768 pixels (23.4 by @d2grees of visual angle) and contained
between 23-35 distractors (30.68 mean average)SERD). The luminance profile of each image
was equalized and the pictures were converted dg-ggale to constrain the variability of visual
salience across global displays (i.e. to avoid attaristics of the image that could be particularly
salient). From each image, 3 faces of size 80x8&@Ipiwere chosen as targets and the rest were
marked as distractor faces (Fig S1C,D). The saletdegget locations did not follow any specific
pattern and included different angles, expressimkgenders. The spatial distribution of all famed

particularly the targets covered the whole display.

2.4. Experimental Procedure

We followed a similar procedure as in Kaunitz le{2014) [46]. Briefly, at the beginning of
each trial subjects pressed the space bar andpsesented with a target face for 3 s (Fig 1A). The
target faces were first cropped to a square of Zi2é° x 2.04°. To prevent subjects from facilitati
their visual search based on the size of the tdaget in each trial we rescaled the original tafgee
to a random size between 1.75° x 1.75° and 2.6863°. After this time a fixation dot was presehte
on the screen at a random location (Fig S1A). Subjlead to fixate at the dot location for 1 s fog t
image of a crowd to appear on the screen (Fig TAg task was to search for the target face within
the crowd and to fixate on it for 1 s once theyénéaund it (Fig 1A-C). Trials ended when subjects
found the target or after 20 s of visual searcle @ images were presented in pseudo-random order
as a block. Between blocks subjects took 5 mirimgdireaks. In each block the target face for each
image was different from previous blocks. In taabjects performed 180 trials (3 different targets

per crowd image for the whole experiment).

The main difference from Kaunitz et al. (2014) wlzet in the present study participants were

neither trained to perform slower fixations in @&yous session, nor were the instructions biased
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towards accuracy instead of speed [46]. Subjects sienply left to explore and search for the target
as they naturally would. The rationale of the pchege in the previous experiment was to get a large
enough sample of distractors to obtain measurdbiRP§. In the present experiment we aimed to
explore naturally occurring fixations, and we shibmat even in this situation it is possible to olsser

robust fERPs.

2.5. Eye movements and EEG data acquisition

Eye movements were registered with an EYELINK 1898tem (SR Research, Ontario,
Canada). The ET was used in binocular mode withlsted-head and sampling rate of 500Hz in each
eye. Saccades were detected using an adapted nvasbiwelocity-based Engbert and Kliegl's
algorithm [55,56]; using the parameters descrilmellamienkowski et al. (2012) [40]. Only saccades
larger than 1 degree were kept for the analysabeofdata, as saccades below this threshold were
considered microsaccades [37]. For all the experisna drift correction was made every 10 trials,

and a recalibration of the ET every 60 trials (befihe beginning of a new block).

The EEG data was recorded with a 64-channel 13w@ftage using the Biosemi Active-Two
System (Biosemi, Amsterdam, Holland) at 1024 Hze Thata were imported into Matlab using the
EEGLAB toolbox [57] with linked mastoids as the eefnce. For fERPs, the datasets that were
created were down-sampled at 256 Hz and band-pesed between 0.1 — 40 Hz (six order elliptic
filter). The start of the fixation on the distractor target face, identified from the eye trackatag
was taken as the onset of the trial. The brainarsgs for the target from each crowd image were
analyzed, as were the fixations to distractors. thercomparisons between targets and distractors,
only fixations that lasted longer than 400ms wesptland the EEG data was aligned to fixation onset
and epoched between [-0.2 0.8] seconds from the aftahe fixation. For constructing the fERPs
related to distractors early processing, we kepatibns longer than 200ms. In both cases, we
excluded fixations to distractors larger than 1080which represented (0.6 + 0.1)% of the fixations

to distractors. For the fERP local analyses, wdieg@a baseline correction to each epoch in the tim
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window [-200 -100]ms from fixation onset. For théolgal fERP analyses (Fig. 4), no baseline

correction was used.

EEG and ET data were synchronized as in Kauni&. §2014) [46]. Briefly, an analog card
was used to convert the digital eye position imtalag voltage channels. The temporal offset between
the signals was corrected by realigning the eyeking data to the frontal electrodes that exhibaed
sharp saccadic spike potential shortly after saxcadet.

Data are fully available on reasonable request.

2.6. Matching Procedure

Fixations to targets and distractors were mattécsed, based on the eye-movement
properties of each fixation [40,58]. This was tmigvany baseline differences created from the eye
movements, so that the fERPs for targets and distisa could be compared without artifactual
components affecting the results. In short, we usednatching parameters the preceding saccade
horizontal @X) and vertical dy) amplitudes, as well as its duratiait)( We implemented K-nearest
neighbors (KNN) algorithm as a robust matching rodthThis algorithm finds the ‘nearest neighbor’
for an mx-by-n matrix X in each point of an my-bymatrix Y. The method is exhaustive and uses
replacement; first calculating the distance of gagimt and then finding the smallest distance. Once
matched, the element is placed back in the podietanatched for distance again. A standardized
Euclidean distance metric (see Equation 4.1) wasl,usherexs is a column vector from X that

corresponds tg; a column vector from Y:

dse = (ts = yo)V = (xs — ¥1)' (4.1)

Here, V is the n-by-n diagonal matrix whose jtiagtinal element is sfj)where s is the
vector with the sample standard deviation; thislescahe difference between rows andy; by

dividing the corresponding elements by the standaxdation. Following the matching procedure, the
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different parameters matched were shown to havelasirdistributions across both target and
distractor condition (see Fig S2). The matchingcpdure has shown that the parameters have no
significant differences in each of the three vddahused: Saccade Duration (D: 32.0ms ([24.0 ms
38.0 ms]), T: 32.0 ms ([24.0 ms 38.0 ms]), Wilcoxamk-sum test: p=0,96), Horizontal Saccade
Amplitude (D: 4.7 deg ([2.3 deg 8.1 deq]), T: 4€0d[2.3 deg 8.2 deg]), Wilcoxon rank-sum test:
p=0,86), and Vertical Saccade Amplitude (D: 2.4 dgl deg 4.7 deq]), T: 2.5 deg ([1.2 deg 4.8

deq]), Wilcoxon rank-sum test: p=0,81).

In earlier studies, explicit instructions were gjivto participants in order to increase the
length of fixations, producing more predictable amétchable” eye movements [40]. Here we found

that it is possible to match properties with umiettd free-viewing eye movements in a robust way.

2.7.Single-Trial Analysis

Single-trial ERPs were extracted using a denoialggrithm based on wavelet decomposition
[59-61]. The first step was to project the singiattraces into the wavelet space. Then, the vevel
coefficients related to the evoked responses waeeted automatically for each channel and subject
using the algorithm implemented in tee_denpackage [59]. Finally, the ERPs were denoised by

reconstructing the signal using only those wavedbefficients.

2.8. Time-Frequency Analysis

For the Time-Frequency analysis, the EEG data kahgi 1024 Hz was band-pass filtered at
0.1 — 95 Hz (butterworth), and band-stop filteretween 49 — 51 Hz (FIR). The data were epoched
into trials (including 10 s before the presentatasrthe stimuli and 10 s after the end of the }rial
Then, Infomax ICA was calculated only on successfals. The artifactual ICs related to muscular,
erroneous electrodes and eye movements were skl@ateremoved based on ‘ADJUST’ [62] and

‘EyeCatch’ [63] methods and supervised by an expertoss all participants we removed (8 * 5)
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independent componenets (mean + stdev). Due tgdbential confound of removing aspects of
(fixation-related) cognitive processes of intereg, were particularly conservative in discarding an

ICs, for instance the sole appearance of an alphk was an argument for keeping the IC.

Time-Frequency transform was performed using ehatkbased on the convolution of the
signal with a complex wavelet (‘mtmconvol’ methd)m the FieldTrip toolbox [64], using Hanning
tapers. The time was sampled on windows of 0.5 see®gring the whole trial with a step of 0.1 secs.

The frequency was sampled from 0.5 to 30 Hz wiskep@ of 0.5 Hz.

Spectral profiles, defined as the change in th#icad power spectrum due to a functional
process, have been proposed to be a functionalblitween the MEG/EEG signals and cognition
[14,65]. Spectral profiles account for changeshef frequency spectrum with a given experimental
manipulation, stimulus variation or task progressim our case, we aimed to explore the cognitive
correlates of progression of the task by usingrtfieigerprints on the spectral profile, i.e. we
calculated the correlation between the frequeneyep@nd the fixation rank to distractors during the
visual search.

In particular, for the present analysis we focusedwo frequency bands: theta ([4 8] Hz) and
alpha ([8 13] Hz). Thus, the power of frequenciallirfg into those bands were averaged for each
electrode and time window. Then, the trials werecked into fixations, averaging for each fixation
the power estimated for all the windows that fatbithe fixation. Thus, we ended up with two values
of power for each fixation (sorted by fixation rardnd electrode, and we averaged those values first

within participants and then across participantste electrodes of interest.

3. Results

3.1. Experimental paradigm and behavior

The time course of an exemplary trial is shownign FA. Across all subjects, we obtained a
total of 19,722 fixations larger than 50 ms. Therall distribution of the eye movement variables
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during the search presented a typical pattern.md@n and standard deviation of the fixation duratio
were (240 = 103) ms (Fig 1E). The 5% lower limittbé saccade amplitude was 1.28 degrees (Fig
1C), and the percentage of saccades that werdlgaoaller than the target face (2.04 degrees) was
18.66%. Participants found the target most of fhees P(target found) = (0.86 + 0.02)and
performed very few fixations to the target befdne bne that finished the trial -percentage ofgrial
with re-fixations to the target &4.3 +0.6)%. Altogether, this suggests that subjects wereessiul

at performing this task and did not typically penfiotwo consecutive fixations on the same face (Fig
1B,C). Another important global variable of the relais the number of fixations performed. The
median number of fixations needed to find the tafpefore the last fixation to the target) was 6
(interquartile range: [3 13]) (Fig 1D). To assess influence of individual differences in behaviora
performance, we compared the variance in two deg@ndariables (Response Time over correct
trials —RT.- and probability of finding the targety)Pacross participants (N=17) and compared it with
the ones obtained across trials (N=180). We folnad both the variances in the mean.Rihd R
across participants: (var(Rpart)=0.36, and vargpart)=0.004) were smaller than the ones across
trials: (var(RT]trials)=1.99, and vargfrials)=0.012). To test the hypothesis of loweriafaility
across participants (H1), we statistically compatelobserved variance across participants with the
ones obtained from a distribution of 100,000 suateg, created by randomly taking subsamples of 17
images (same as the number of participants). Werrdéted the p-value as the fraction of surrogates
which showed a smaller variance than the origiest $tatistic. The null hypothesis of equal varesnc

were rejected with p-values: P(Rdart >(RT|trials)=0.00024 and P{jpart > R|trials)=0.01374.

3.2. Fixation event-related potentialsin unrestricted visual search

The dynamics of fERP responses to targets andadists, summarized in Fig 2A, were
broadly consistent with what has been observedravipus studies using synthetic stimuli or

prolonged fixations: A strong P1 at occipital etedes, a central positivity at ~170ms which
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resembles the Vertex Positive Potential (VPP) gpoase to faces [66], and a large target-specHic P

peaking after 300ms spread from central electr{®®40,46].

The VPP was confirmed by analyzing all fixations distractors larger than 200 ms
(N=10,466), changing the reference from linked widstto average, and observing that the central
positive peak turns into a parieto-occipital negsytj i.e. the N170, with a slight lateralization the
right (Wilcoxon rank-sum test: PO7 vs. PO8 amplitsidh the [150 200] ms time window: p<0.05,
zval = -2.00, Cohen’s d (N = 34) = -0.34) [62,6Big S3).

In order to control for differences in eye movenmseior the comparison between targets and
distractors, we considered: First, only the fixaiado distractors longer than 400 ms -where we
analyzed only the first 400 ms-; and second, wechaat the properties of the incoming saccade -the
duration, and the horizontal and vertical amplistdé-ig S2). As expected, we found that the
strongest difference appeared after 300ms and vess prominent in the centro-parietal electrodes
but widely spread across most of the scalp (Figc2Bluster-based permutation test withs<0.01
[67]). Interestingly, consistent significant diff@arces emerge across several electrodes much earlier
(around 170 ms), which suggestively matches trenéat (Fig 2A, black bars; the limits of the early
significant interval in the Cz electrode are [12@7] ms) and scalp distribution of the VPP (Fig 2C)
Further investigation of the waveforms for fixatomhat were longer than 400 ms showed no

significant differences with shorter fixations (lween 300 ms and 400 ms (Fig S4)).

3.3. Emergence of properties of the P3 component in free-viewing

In fixed-gaze oddball experiments, two major subponents of the P3, the P3a and the P3b
are typically reported [68]. The P3a is elicitedtla® more frontal electrode sites and is larger for
novel stimuli, whereas the P3b component is elicitecentral and parietal regions, and is larger fo
the detection of a target. Importantly, a modulgtmoperty that positively affects the amplitude of
the P3 is the ISI [11-13]. This has been relatethéoconcepts of expectancy and surprise. As the

participant is anticipating a target to be presgngebuild-up of expectancy is sought to occurs thi
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effect is usually related to the P3b subcomponérnhe P3 [35]. Conversely, the surprise effect is
usually related to the P3a subcomponent of thelB35]. Therefore, a question raised as to whether
fERPs in free-viewing visual search tasks show ertigs that relate to classic concepts of expegtanc

and surprise.

In the current design, there was no control ofiBiei.e. the interval between fixations- as the
participants can freely decide when and where xatdi next. However, the number of distractors
presented before the target has also been uséatfpthe properties of the P3 component [13]. i th
current setup, the number of fixations made pidiirtding the target could give an indication oéth
complexity of a scene and indicate how difficulwits to find the target. Hence, we can make a
parallel with an oddball paradigm -a fixed-gazeusedial visual search- [13].

As a first step, we collapsed the trials into teategories based on the number of fixations
needed to find the target: ‘Short’ (less than atiibns; N = 865) and ‘Long’ trials (more or equzdn
7 fixations; N = 1030). Significant differences Wwetn these categories were found in frontal, centra
and parietal midline electrodes (Fz: p<0.00001, zvé#.61, Cohen’'s d (N = 1895) = 0.15; Cz:
p<0.00001, zval = 5.77, Cohen’s d (N = 1895) = QR3 p<0.00001, zval = 4.80, Cohen's d (N =

1895) = 0.11) but not in the occipital electrod@z:(p=0.42, zval = 1.25, Cohen’s d (N = 1895)

0.03) (Fig 3A).

The amplitude of the P3 component on the cenkeat@de showed a continuous decrease as
a function of the number of fixations to the targféiy 3B). Moreover, there was a significant negati
correlation of the single-trial P3 amplitudes witlhe number of fixations to the target (Fig 3C;
Pearson’s correlation coefficient R = -0.11, p<O@D). This decrease is also in agreement with a

gradual reduction of the surprise effect.

3.4. Global properties of fERPs

In the previous section we started the investigatvith local properties of the fERPs, such as

their relation with face processing and target-fdegection, and ended with an analysis of more
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global properties such as the dependence of theitR3he length of the trial (where the lengthhig t

number of fixations performed) -and thus, the numifefaces seen-. The dependence of the target
detection on the number of previous fixations ledaiinvestigate how the development of the whole
trial is encoded in each distractor's fERP, betbeetarget was detected, and how the target respons

was built-up.

In order to examine slow changes across the wiale we studied the relationship between
fixation rank (the number of fixations up to theedmeing considered) and baseline activity -i.e. the
activity before the saccade- when no baseline ctore was applied. To investigate the encoding of
each stimulus, we also examined the relationshigdsn fixation rank and the amplitude of the P1
component with baseline correction. Fig 4A,B shastrong dependence of the baseline activity on
the fixation rank of the distractor. This dependem@ppears more prominent in the centro-frontal
electrodes, although significant correlations wefgserved along midline channels (Pearson’s
correlation coefficient R(Fz) = -0.95, p<0.0000(R(Cz) = -0.92, p<0.00001; R(Pz) = -0.90,
p<0.00001; R(Oz) = -0.85, p<0.0001). In orderuke rout that these correlations reflected the time
elapsed since the start of the trial (which coteslawith the fixation rank), we compared the
correlations of the baseline activity with time ngidifferent window sizes to group fixations along
the search -between 100ms and 500ms-. The coomdatiith time were always smaller than the
correlations with the fixation rank, failing in maocases to reach significance (Fig S5). This sugges
that global changes in baseline activity are reladethe sequence of fixations as processing weniid,
not with the mere time elapsed. Conversely, theding of each distractor stimulus did not change
with the progression of the trial; as it can beeiréd from the constant amplitude of the P100 as
function of fixation rank (Fig 4C,D; R(Oz) = -0.2p=0.33). Thus, there were global changes in

baseline and target detection, but not in the engoaf an individual stimulus.

3.5. Global changesin frequency spectrum
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Changes of the frequency power with the fixatiank of the distractors, measured as the
correlation between these two variables, showeshiats of positive and negative correlations (Fig
5). These intervals, although not significant fdt frequencies, fit nicely into the standard
classification of EEG low frequency bands (delteta, alpha, and beta) for the different electrodes
(Fig 5A). Significant correlations appeared in foer frequency bands at different electrodes (Fig
5A, top panel; p < 0.01, Bonferroni corrected farltiple comparisons for 240 tests, i.e. 60 freqyenc

steps x 4 electrodes).

A large positive correlation between theta powed &xation rank, and a decrease in the
(upper) alpha band appeared in the occipital eldet{Fig 5B, lower panel). This was also evident in
the time-frequency plots (where time is represeinteidrms of fixation rank; Fig 5C, lower panel).
These changes are usually observed together [A8]aee sought to reflect increasing demands of
visual attention. In contrast, the parietal, cdnttad frontal electrodes exhibited a pronounced
negative correlation in the alpha frequency banel +amping towards the presentation of the target—
but no significant correlation on the theta band @B,C). This effect is slightly spread towards th
beta band, and vanished beyond 23Hz; which is stami with the broad frequency range that
Donner and Siegel (2011) attribute to the moreguatve cognitive processes. In particular, the
negative correlation of the alpha frequency bandoassistent with the findings of Klimesch and
collaborators [24,65], who suggest that the alplaadbmust be negatively modulated by the

expectancy of an upcoming stimulus.

4. Discussion

We developed a free-viewing paradigm that allowedo investigate the brain correlates of
unrestricted visual search with natural images. 8hewed that the local dynamics following each

stimulus/foveation exhibits the fixed-gaze ERP comgnts (P1, N170/VPP, P3). These brain events

-16-



are then signatures of the specific unitary opemnagierformed at each stage of a mental program. A
global analysis of the brain activity throughous tlask allowed us to investigate signatures related
the accumulation of evidence during the task. Itigaar, we showed an increased demand of visual
attention, changes in the expectancy of the stimmahd robust sequential effects from the analyfsis o
baseline and the spectral profile. In what followms discuss our results in the context of local
dynamics of unitary operations, global dynamics amehtal programs, their interaction and the

implications that our findings might have for futuzoncurrent EEG and eye movement studies.

4.1. L ocal Dynamics: fERPsduring Natural Tasks

Brain activity elicited after each fixation duringsual search has been studied with both
synthetic [40,43—-45,47] and natural [46] stimuliheBe studies have described a robust P3-like
potential evoked by the object that the participaniboking for. In our experiment we observed a
significant difference between the signals in resgoto targets and distractors, extending our
previous finding using the same stimuli [46]. I&ingly, in the present study the difference betwe
targets and distractors became significant aboQ0m$ earlier (~170ms vs. ~250ms). Two possible
explanations could account for this differencestr both protocols differ in the speed-accuracy
tradeoff that governed the search. In our preveoymeriment, participants were instructed -and lyrief
trained- to perform the search slowly; prioritizitige identification of the fixated face before mayi
on. In the current experiment, participants werly arstructed to search for the targets, whichtied
shorter fixations. Nevertheless, we observed very misses on the target (situations in which the
participant fixated in the target but continuedrsbing, as they failed to identify the target),this
occurred in (4.3 £ 0.6) % of the trials per subj€ét7 + 1.1) trials-. Thus, we can speculate thmat,
order to perform the search at this pace, parintgpmust take an early decision on whether theg hav
to continue moving their eyes or stop. The eartgd@on that we observed in the fERPs could be the
brain correlate of this process, although the iddéintification could occur later. Secondly, in the

present study, as in Kamienkowski et al. (2012) fmit in Kaunitz et al. (2014), we matched the
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fixations to targets and distractors by the eye enwent properties before performing statistical
comparisons. This procedure could allow the desacbf more subtle differences between these

signals, which may have otherwise been indistirtgabte in Kaunitz et al. (2014).

As in previous studies with faces [69,70], we obed the VPP / N170 potential in response
to faces, which was confirmed by changing the exfee from linked mastoids to average, which led
to a shift from a central positive peak (VPP) tpaieto-occipital negativity (N170), with a slight
lateralization to the right [69]. These resultstiier support the validity of EEG and eye movement
co-registration in the study of neural correlatesaiural visual processing, and conversely extead
previous knowledge to more natural environmentsweéier, an in-depth understanding of face
processing in natural environments will require c$ip@ future experiments using faces and other

objects embedded in the same natural images,aw allcomparison between faces and other stimuli.

Studies focusing on the early detection of différebjects within rapid presentations of
natural complex scenes -in which a cue is presebéfdre the stimulus and rapid responses are
required- have shown that identity stimulus infotioxa (contingent upon recognition) is able to be
conveyed quite early, ranging from 150 to 300 nis-fA3]. In line with this, one recent study reported
an early target related potential in free-viewibgt not fixed-gaze conditionglO], while another
study found that it is possible to identify thegeirlocation even when fixating on the target &ssl
than 10 ms in a free-viewing search, but not inxadkgaze condition [74]. The short timings for
target identification can be related to extrafovdatection. Target identification would trigger a
saccade towards the target location, or less Igirict would suggest that there is an ongoing
computation of the probability to find the targkat primes a given location [31]. This is consisten
with an extrafoveal detection of the target in asyevisual search, and with an early foveal dedacti
in a difficult visual search [75]. Since high atienal engagement is naturally present in free-
viewing, from fixation onset or even earlier [76],7&nother possible theoretical explanation fos thi
early identification in free-viewing is the tempbmmodulation of attention [40,78,79]. Indeed,

previous behavioral experiments have shown homagenperformance of target detection within
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almost the entire fixation but, strikingly, confitme judgments varied along the fixations. These
results suggest that, while it is possible to dedetarget accurately in the first tens of milliseds of

a fixation, the integration process continues altthregwhole fixation [79]. Moreover, previous stuslie
have shown that each fixation is consistent witla@@ntional episode, where saccades accentuate the
episodic borders [78], in agreement with a discgtecturing of attention; sampling information

from temporal episodes during which several itearsaccess the encoding process [80-82].

Previous EEG experiments have shown that tempttetion has an effect on the amplitude
and latency of the N2 [83], the P3 component [&&id on the amplitude of the P1 component.
Targets appearing at attended moments, close teaewvoke a larger P1 [83]. Furthermore, early
components seemed to be affected only in highlyasheiimg perceptual processing tasks [83]. These
studies suggest that high attentional engagemerd ¢asten the processing of the stimulus, and that
change is measurable in the EEG signal as a maalulatearly components. Following this idea, we
can speculate that early target detection is marmiment in highly demanding perceptual processing
tasks. We previously reported early target detactio tasks involving prolonged fixations when
participants were asked to detect a subtle changesynthetic stimulus [40], but not when they tad
produce long fixations to find a hidden target fate crowded scene [46]. The results presented in
this study, with significant early target detectionfree-viewing, might be associated to a higher
attentional engagement occurring in a free-viewwigual search task with natural images.
Additionally, they are in accordance with perceptoad theories, which state that earlier responses
are expected on higher perceptual load tasks, esdliffierences in crowded synthetic stimulus or

faster searches in natural scenes; since theywalhie higher attentional resources [85].

Furthermore, the early differences found in tlatural visual search paradigm are in line with
fast saccade response time (SRT) experiments, ichvgarticipants are asked to decide between two
stimuli, and respond making a saccade towardsatyet as fast as possible. In these experiments,
participants are able to respond in less than 15@&ma starting as early as around 100 ms to detect

human faces and animals [86,87].
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4.2. Global Dynamics. Monitoring the progress of the task

We found a significant decrease in the baselinplitime in central-frontal regions, which
followed the progression of the search. Similadged changes in the baseline were observed in other
tasks in which participants required to accumusat@e evidence in order to achieve a decisionf5]. |
our case, the amount of evidence is difficult tineate in a direct way. Current visual search medel
based on eye movements tend to predict the sequnfieations based on the construction of
saliency maps on static images (i.e. disregardimgamount of evidence gained in each fixation)
[88,89]. One interesting exception is the modeNajemnik and Geisler (2005), which estimates how
the probability of finding the target at the enctloé search changes in every fixation [31]. AltHoug
the fixation rank is naturally correlated with tinvee found that the correlations between the baeseli
activity and time were smaller than those betwden lhaseline activity and fixation rank. This
suggests that global changes in baseline activityralexing the sequence of processing steps within

the task, rather than the time elapsed since #nedtthe trial.

To better understand the neural and cognitive ggees involved in the slow dynamics
throughout the trial, we explored the contributafrdifferent frequency bands to the EEG signal. In
particular, we calculated the correlation betwden gower in narrow bands and the fixation rank to
build a spectral profile as proposed by Donner Srejel (2011) [14]. Consistent with fixed-gaze
studies, the broad decrease in alpha and increaseipital theta activity could suggest a surgéhm
resources involved in visual attention [65]. Fostance, an increase in theta activity in the otaipi
cortex was reported when viewing images that watier remembered [90]. A negative modulation in
the alpha band has been previously related to tpecgancy of an upcoming stimulus [24,65,91],
which comes from an increasing probability of fimglithe target over time. This is consistent with ou
results, since we observed a negative correlatidhe alpha frequency band -i.e. ramping towards th
presentation of the target- mainly over the paliet@antral and frontal electrodes. Interestinghg t

negative correlation we observed spread beyondliftea range, up to 23 Hz in the centro-parietal
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sites. This broad frequency range is sometimesreefdo as “low frequencies” (e.g., see [14]) and

has been particularly linked to cognitive integratprocesses.

4.3. I nteractions between L ocal and Global Dynamics

Despite the fact that estimates of “surprise” sgectancy” cannot be directly derived from
our experiment, we can consider that shorter triglldikely be more associated with surprise. Qe t
other hand, the more fixations a subject made withitrial, the more the target will be expected.
Therefore, we hypothesized that trials that reglirery few fixations to find the target will have a
larger surprise associated, while long trials \midlve a larger expectancy. Our results suggest a
stronger effect of surprise over expectancy inRBe since the difference in the amplitude favored
shorter trials. Moreover, this result was suppotigdhe more frontal distribution of shorter versus
longer trials, consistent with the observation®olich (2007) [35]. These late changes were observe
despite the fact that the early feedforward vispalcessing of each stimulus, tagged by the P1
component, was preserved throughout the searcletiiegwith the fact that low frequencies, but not
high frequencies, correlated with fixation rankijstlsuggests that only the integrative cognitive

processes are related to the progression of thelsea

An alternative explanation for the influence of I8 P3 in fixed-gaze experiments is the
Recycling Cycle Hypothesis [11,13], which suggeists the P3 component is reduced with short ISls
because the system requires time to recover fra@nteERP production. In our experiment, this
would mean that the P3 is reduced in later fixationly because the underlying generation processes
lack the resources to fully recover within a muéifixation-trial. However, this alternative
explanation is unlikely for three reasons: Firstitigipants only saw one target, which implies that
resources related to target processing should Ihedwuailable for the whole trial. Second, we have
previously shown that the information regarding $héent target in an attentional blink task receve
rapidly in successive fixations, since saccadesrdoate episodic boundaries of the temporal

episodes [78]. It follows that the alternative exption would be unlikely even if more than one
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target was present. Third, resources related toadisr processing should already vanish before 300
ms -according to mainstream theories such as thbabMWorkspace Theory, which proposes early
processing of a new stimulus could start in pard2—94]-. This is also in agreement with the

episodic theory of attentional deployment, whichpmses that information is sampled from temporal

episodes of about 400 ms [81,82].

4.4. Towardsan integrative framework in natural viewing

From an algorithmic perspective —in line with Martevels at which the brain as an
information-processing device must be understodyH e schematic diagram shown in Fig 6 can be
used to put our findings into a more general fraomwAt the bottom level (visual encoding in Fig
6), every fixation produces the typical sequendessmal ERPs towards a face, including the P1 and
N170/VPP, irrespective of the fixation rank. ThE8SBPs share the topographies and latencies of their
fixed-gaze counterparts (see also [40,46]), thesititial feedforward processing of the stimulus in
each fixation seems to be conserved and is indepérad the task. The eye movement control level
(motor prep./exec in Fig 6) can be separated imtopiarallel processing of the “when” and “where”
streams plus an inhibition, as proposed by the -estlblished model of saccade generation of
Findlay and Walker (1999) [96]. Some existent meddteady include these ideas, for instance, in the
CRISP model [97], the “when” stream is constang@yerating saccades that could be inhibited, while
the “where” is implemented as a two-stage saccaagrgmming composed by an initial, labile stage
that is subject to cancellation (inhibition of thwhen” stream), followed by a non-labile stage
[97,98]. Thus, there is a continuous crosstalk betwsaccade preparation and visual-cognitive
processing, which allows difficulties in online wad and cognitive processing to immediately inhibit
(i.e. delay) saccade initiation, leading to lonfpeation durations. The early target detection patd
that we observed could be interpreted as a catioallaignal during the first labile stage of the

saccade preparation, where the next saccade isledrat early latencies leading to longer fixations
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[97]. Successful early target detection is follovida global P3 component, reflected in higher and

later activity, which also resembles the P3 recdiddixed gaze conditions [35,40,46].

Interestingly, the preparation of the upcomingcsde could be accompanied with a
modulation of cover attention towards the potentialding site. These processes have previously
been studied with crowded scenes in fixed-gazetiomadime experiments [32], and in saccade
reaction time experiments, which allowed studyihg interaction between covert attention and
saccade execution [33,34]. However, it is import@ndistinguish these processes from the overt
allocation of attention that follows the eye movemeThe interplay between covert and overt
allocation of attention is one of the fundamentaém issues for which the co-registration of brain

activity and eye movements could largely contribntiuture studies.

At the top level (global integration in Fig 6),etlintegration of the information about the
whole image acquired so far could involve, for amste, computing the target position probabilities
based on existent evidence, which necessarily dieslinformation about the surface already explored
as well as past events and the current positiotb§329]. These integrative processes also serve to
build a general model of the visual scene, anduidegfuture eye movements, as another crosstalk
between the saccade preparation and visual-cognitiecessing. Although it could run on top of
visual encoding and saccade preparation procegssBpuld interchange information with them.
Hence, it should be in pace with the fixations.sTaccumulated evidence is indexed by changes in
baseline, which scales with the fixation rank brettan with time itself, and is further reflected b
changes in alpha/theta band oscillatory activityd anodulations in the amplitude of the P3

component.

It is well established that human behavior in carpilsks is strongly shaped by individual
differences in certain capacities and strategies.ifstance, measures of visual working memory
(VWM) capacity are strongly related to performaiiiceboth visual search without eye movements
[100,101] and constrained eye movement paradig@i][Also, VWM capacity correlates with slow

potentials such as the contralateral delay acti¢g@pA) [103] that have a similar behavior as the
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baseline changes during search. These estimat@@/bf capacity are potentially appealing because
they have been proven to be very robust withinngleiparticipant (for instance, they could yield a
test-retest reliability of 0,77 after 1.5 yearsetatand consistent predictors of many complex Visua
tasks [101]. By comparing the variance in two bébral dependent variables, we showed that the
major source of variability in this experiment weie trials and not the participants. However, feitu

work on both complex visual search models shoubtlugle VWM or other performance measures,

which could influence markers of cognition and d&m-making, as co-variables.
4.5. Alter native theor etical frameworks

The main focus of the present paper is relatetheodeployment of overt visual attention
rather than covert visual attention, since eye me@s are an essential part of behaviour. Although
these processes could share some mechanisms,afees®t necessarily the same [104]. Some of
these shared mechanisms could be part of the glptmesses of the task. For instance, the
Competitive Guided Search model [105] -which isuglated version of the Guided Search model
[32,106]-, has included a module that evaluatestindreto quit the search or continue. This “quit
unit” establishes an accumulation process that irupsrallel with the actual search, and competes t
terminate the task. However, since in our taskigipants were not able to finish the trial before
finding the target or reaching the 20 secs maxinwahperiod and there was not a forced-choice for
target present/absent, response times are noleaameas in other experiments so it is unlikelgtth
quit unit would play a major role. Interestinglfet integrative framework we present here could
potentially combine more than one integrative psses in the global workspace, leaving space for

contribution from other theoretical models.

4.6. Concluding remarks

Our findings contribute to the study of human pbimijy and cognition in natural
environments in three fundamental ways: First, rigspnts robust fERPs in unconstrained visual

search with real-world images. This extends previdBRP work but also highlights potential

-24-



differences, as early target detection was onlyipusly found with synthetic stimuli, giving a more
complete understanding of how the brain processeary operations in natural viewing. Second, by
focusing on brain oscillations at different freqoies and modulation of evoked components
throughout the trial, we were able to confirm tepécific brain signatures, previously identified fo
fixed-gaze paradigms as indexes of accumulatioevadence, can be robustly obtained in natural
viewing. Finally, it allows us to introduce a datdven framework to link oscillations with the
underlying mental program.

The schematic diagram that we have considereditieoé course, a simplification of all the
complexities involved in natural viewing everydayeses. However, we believe it can be a starting
point for considering general neurophysiology détiaen frameworks to elucidate how complex

mental operations are performed in natural viewing.
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Figure Captions

Fig 1. Experimental Design. (A) The target face (inset) is presented for 3 secoRsn, a fixation
dot appears in a random position for 1 second.SEagech starts when the fixation dot disappears and
the crowds image is presented. Once the subjeds fime target face; they fixate on it for 1 sectind
end the trial. The crowd image shown here is theesas the one shown in panel (B) Search
example: The scan path (black line) and fixatiomwa dots) are superimposed to the crowd image
and the target (highlighted with a brown squardie Tolor of the dots represents the fixation rahk o
the distractors, -i.e. the fixation number- and diemeter size represents the duration of theifirat
(C) Eye traces of the same trial for both horizonkdd¢k) and vertical (gray) positions of the right
eye. The vertical red line shows the onset of tketibn to the targe{D) Distribution of the number

of fixations preceding the target; these are all fikations preceding the target regardless ofrthei
position. (E) Distribution of fixation durations made to disti@rs. (F) Distribution of distractor

saccade amplitudes.

Fig 2. fERPs for matched eye movement properties across midline channels. (A) Fixations onset

at Oms and the fERPs were baseline corrected FRI0]. Channels Fz, Cz, Pz and Oz are shown for
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the target (red) and distractor (blue) conditidrfse horizontal and vertical saccade amplitude, @b w
as the saccade duration preceding the fixatiomtfest; were matched between targets (N=1895)
and distractors (N=1895) for fixations longer tl® ms. The p-values for the significant difference
(p<0.01) are represented with black bars at theofagach channel plot, and were estimated using a
cluster-based permutation test from the FieldTdplliox [67]. The boundaries of the significant
intervals observed in the panel A insets are: 2%, 164] ms, [254 400] ms}, Cz: {[117, 207] ms,
[238, 400] ms}, Pz: {[148, 215] ms, [230, 400] m&)z: {[184, 203] ms, [281, 297] ms, [309, 324]
ms, [332, 348] ms, [363, 400] mgB) Significant channels within 30ms time windows ezat in

{0 ms, 50 ms, 100 ms, 170 ms, 240 ms, 310 ms, 3§Qafter the cluster-based permutation t&S}.
Scalp topographies of the difference wave (TargeBistractors). Each topography corresponds to

the average activity of the same intervals as pd@)jel

Fig 3. Global effects on target detection. (A) Midline Target P3 Amplitude as a function of Short
and Long trials. The amplitude was calculated &srtfean average in the [250 400] ms windows
extracted from the individual target fERPs, avedageross all trials and subjects. The gray bars
represent the Short trials (<7 fixations in a {rlE865) and the black bars represent the Lontstria
(=7 fixations, N=1030). Bonferroni-corrected rank-stests showed significant differences for Fz,
Cz, and Pz (p<0.00001) but not for Oz (p = 0.42h(.: p>0,05, and ***: p<0,001(B) fERPs to
targets as function of time, for different fixatioanks.(C) Denoised single trial P3 amplitudes vs.
fixation rank at Cz electrode. Amplitude of the &8tribution (top left) and fixation rank (botton
right) histograms. Two-dimensional histogram ofghe@ariables (top right); each bin of the histogram
contains single trial amplitudes of the P3. Ampulga of the P3 and fixation ranks were negatively

correlated (Pearson’s R =-0.11, p<0.00001).
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Fig 4. Global effects on baseline and visual processing. (A) Midline fERPs to distractors as
function of the fixation rank. fERPs were epochedazen [-500 500]Jms and no baseline correction
were applied in order to observe its slow progmssiong the trial. From top to bottom: Fz, Cz, Pz,
and Oz. The gray shadow in the top panel showg-8@® -100] ms period analyzed in panel B).
Vertical solid lines represent the onset of eactatibn, and vertical dashed lines represent the
boundaries of each epodtB) Average amplitude in the [-500 -100] ms period éaich electrode.
Error bars represent the +s.e.m. intern(&l) Early fERPs to distractors in the electrode Oz as a
function of fixation rank. Baseline correction been [-200 -100] ms were applied. The gray shadow
shows the [75 125] ms period analyzed in panellbg vertical solid lines represent the onset oheac
fixation. (D) Average amplitude in the [75 125] ms period forreatectrode. Error bars represent the

+s.e.m. interval.

Fig 5. Spectral profile. (A) Correlation between the frequency power during dagttion and the
fixation rank as a function of frequency, for eadbactrode (Fz, Cz, Pz, and Oz). The upper panel
shows the Bonferroni-corrected significance of dberelations (considering 240 comparisons, i.e. 60
frequency points and 4 electrodes) and threshdige@i01. Red and blue shadows highlight the theta
([3.5 8.0] Hz) and alpha bands ([8.0 13.5] H@) Power in theta and alpha frequency bands as
function of fixation rank. Error bars represent thgee.m. interval, and the straight line the genera
trend.(C) Time-Frequency image plots for each electrode revkige timecourse of the exploration is

indexed by the fixation rank.

Fig 6. Integrative framework of natural visual search. Schematic framework of the identified
electrophysiological signatures and their intecacdi with key processes in a free-viewing visual

search task.
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