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INSPECTIONCOSTSCONFIRMATION BIAS 2

Abstract

In visual searchthere is a confirmation bias such th#ention is biased towards stimuli
that match a target templatghich has been attributed to covensts of updating the templates
that guide searc{Rajsic, Wilson, & Pratt, 2015)n order to provide direct evidence for this
speculationthepresent studiyncreased the cost of inspections in search by using gade
mousecontingent searches, whiobstrict the manner in which information in search displays
can be accrued, and incur additional motor costs (in the case of-canisgyent searchedh a
fourth experiment, we rhythmically mask elements in the search display to induce temporal
inspecton costsOur results indicatethat confirmation bias is indeed attenuated when
inspection costs are increas®de conclude that confirmation biessults fromthe low-cost
strategy of matching information to a singtencrete visual templatandthatmore
sophisticated guidance strategies will be used when sufficiently benefitisldemonstrates
that search guidandeself comes at a cost, andatithe form of guidance adopted in a given
search depends orcamparsonbetween guidance costs ahe expected benefits of their

implementation.
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INSPECTIONCOSTSCONFIRMATION BIAS 3

The Price of Information: Increased Search CostReduce the
Confirmation Bias in Visual Search

In manysituations visual perception feels rapid and effortless, with decisions about how
to resolveperceptuabmbiguities and prioritize information takerreaf by automategdrocesses
(Gregory, 1997)0ften, however, we require visual information that pertains to one particular
proposition (e.g., whethdnere arainread anails in my inbox). In these cases, arggage ira
visual search to find target stimuli (e.g., unread email ic@amg)visual information processing
becomeguided by topdown control (Wolfe, Cave, & Franzel, 1989)his guidance steers the
inspection of stimuli towards those that are vigusimilar to the target. One consequence of this
guidance is thaheinformation that could be provided by visually dissimilar stimuli will be less
likely to reach awareness. In a recent stibjsic, Wilson, & Pratt (2013)ave shown that this
guidancecanindeed lead to a confirmation bidsldyman, 1995Nickerson, 1998), where
observers perseverate in searching for a temptatiehing target when more efficient strategies
are availableln this paper, we investigate a possible cause of this perseveratioglathe
costs and benefits of conductiagisual searcliersusthe planningof avisualsearchFirst, we
review how it is that a confirmation bias might occur in visual search.

Confirmation bias is a broadly used tetlmatdescribediases in both the selection and
evaluation of information (Nickerson, 1998; Mackenzie, 20@4#)ile on the surface
confirmation bias iproblematica tendency to seek positive information (positesing)has
been shown to ba reasonable approach to hypothesis tesitimer a range of conditions
thoughtto characterize reatorld situationgKlayman & Ha, 1987; Oaksford & Chateér994).
This is becausthe number of SRV L W L Y Hade-gahiydettiesis (i.e., the set of events that

it claims should occur) igsuallysmaller than the number SQHIJDW LY MadélyB L P V
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INSPECTIONCOSTSCONFIRMATION BIAS 4

hypothesis )RU LQVWDQFH WKH K\SRWKHVLV 3LI LW LV D FDW WK
efficiently by inspecting® WV WR VHH LI WKH\ PHRZ WKDQ E\ LQVSHFWLC
VHH LI WKH\ DUHQYfW FDWV %RWK W\SHMpRthesifbuRdo&#D WLR Q VH
theformer, positive testing approactwill likely entailfewer tests (as there are patbly fewer
WKLQJY WKDW DUH FDWV WKDQ Mukdd pbsitivéJtestgklbe® dof WKDW GR
necessarily lead to a confirmation bias, typically doesvhen combined with neglect of
potentiallyuniquefalsifying informationthat negative testprovide(e.g., if it were the case that
all animals meow, one could not arrive at ttosrect hypothesithrough positive tests alohe
However, it should be noted that there is no siegi@anation otonfirmation biasandbiases
are likely to occurdue to the combination of several factors (Klayman, 1995; Mackenzie, 2004).
In this article, we focus on the biased selection of information that occurs when indivehwe!
on one of severagdossiblenypotheseswhereconfirmation biases manifest aseanporal bias
towards confirmation (that is, faster confirmation than disconfirmatitmstudy the impact of
focal hypothesesn information selectigrwe use an instructiebased framing manipulatiaghat
rendes one possible percept more salieMorespecifically stated, this study sédsual search
to studyattention to stimuli duringisualhypothesis testing.
Following theorists in the decisiemaking and memory literatures (Mynatt, Doherty, &
Dragan, 1993; Thomas, Dougherty, & Buttaccio, 2014) have claimed that the confirmation
biasin visual searclstems from limitations in tegdown guidance of attentidiRajsic et al.,
2015) Guided visual searches can be considered a series of visual hypothesis tests, and we
consider a visual template to be a sort of visual hypothesis that can be confirmed or falsified.
When a template is used to guide visual attention, stimuli that masdiethplate are prioritized

for inspectionThe pioritization oftemplatematchingstimuli leads to a confirmatory search,
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INSPECTIONCOSTSCONFIRMATION BIAS 5

because these sorts of searches will terminate earlier when the hypothesis is true (i.e., when the
display contains a target that tolaes the template). Templatased guidance is a feature of
manymodels of visual attentiosuch assuided Search (Wolfe, Cave, & Franzel, 1989; Wolfe,
2007), Theory of Visual Attention (Bundsen, 1990; Bundesen, 1888Yarget Acquisition
Model (Zelirsky, 2008) and the Biased Competition Model (Desimone & Duncan, 13%sh
of which describes mechanisms by which a template can shape. $eguottantly, we daot
believe that templatdriven guidance is the only source of prioritizatiosearchout rather that
such prioritization coexistwith other sources ajuidance such as physical salience, selection
history, reward (Awh, Belopolsky, & Theeuwes, 2Q1f2pbal scene properties (such as the
category and spatial structure of a scene, and feature statistics; Wolfe, VO, Evans, & Greene,
2011) and guidance from lorgerm memory (Fan & TudBrowne, 2015)Further, we
hypothesizeéhat searches will be biased gvttognitivelimitations prevent multiple hypotheses
from being tested in parallel. As a starting point, we snavnthatfor unfamiliar targets and
search contexts, only one templatié be used to guide search at one t{Rajsic et al., 2015)
This fits with similar claims for the capacity of tajpwn guidance in search (Olivers, Peters,
Houtkamp, & Roelfsema, 2014¥ well as for the capacity fevaluation of hypotheséMynatt,
Doherty, & Dragan, 1993)ndeed, Buttago, Lange, Thomas and Doughgrf2015) have
suggested that search is guided by the first visual hypothesis (i.e., template) that is generated
from memoryWe note, however, th#tte issue of the capacity of guidance is contentious (see
Beck, Hollingworth, & Luck, 2012; Stroud, Menne€ave, & Donnelly, 2012; Barrett & Zokay,
2014 and remains unresolved.

To measure the presence of a confirmation bias in visual search, we devedepecha

taskthat isolated the tendency to preferentially attend to stimuli because of their confirmato
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propertiegRajsic et al., 2025In typical visual search taskbat use targegpresent and target

absent trials, the formshould be confirmatory because search can be terminated early upon the

detection of a present targehile the later shoulbe exhaustive. In our task, targets are always

present, but on different trials, they may or may not match a positive target template, as set out in

search instructions. Hence, in this paradigm, it is useful to distinguish betavgets +stimuli

thatposses the responsdefining featurestandtemplateswhich are features, or collections of

features, that are used to guide search towards a particular target, or type of target. Importantly,

when multiple varieties of targets can occur in a seardmplate might specify one particular

target, and not anotheCritically, in ourtask, DQ REVHUYHUfV GHFLVLRQ WR DGR

template can be attributed solely to the thakning set out in the instructions, and not to

performancebased incentvesL H YDOLG FXHV WR WKH WDUJHWTTV LGHQV
In the task that we have us@Rlajsic et al., 2015 one target is always present in a

display, ad it may be either the Template Matching target, or a Temples@atching target.

Templates for seah are elicited using search instructions that ask participants to execute one

type of response when a particular target is present, and execute another response if that

particular target is not present. For examakedepicted in Figure &, participanmight be

instructed to respond with a left keyess if the target P green and respond with a right key

press if the target P is ngteen By phrasing the instructions in this way, we estalgigen 3 |V

asTemplate Matchingargets, anded 3  VT@mplate Mismatchintargets. For each

subsequent search, overall set size is constant, but Template Matching Subset Side tfeies

example shown in Figure 1, the Matching Subset and Mismatching Subset are of equal size: four

stimuli each Varyingthe subset size allows us to track the relative prioritization of each stimulus
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type, based on the logic that search times are proportional to the attended subset (Bacon & Egeth,
1994; Sobel & Cave, 2002).

Our search taskas revealed that, indeed, searg@pomse times monotonicailycreased
as a function of th&emplate MatchingubseSize indicating that participantsossessed a
confirmation bias of searching tiemplate Matchingolour (Rajsic et al., 2015Further
experiments ruled owxplanationsttributing the confirmation bias to the need to maintain a
template across trials, the need to switch templates between blocks, and a failure to grasp the
more economical strategy of searching the smaller subset. Instead, the bias towards stimuli that
would confirm the goal proposition was attributed to a preference to search by matching visual
input to target templatendto avoidthe covert cognitive costs of updating templates on a given
trial (for evidence that participants prefer to avoid cognitively costly operations, see Kool,
McGuire, Rosen, & Botvinick, 2011Previous estimates of the time required to update a
template suggeshat updating takeat least 200ms (Vickery, King, & Jiand)@5; Dombrowe,
Donk, & Olivers, 2011), by which time at least one item could have been overtly inspected, and
possibly more could have been covertly inspected (Liversedge & Findlay, 2000). Further time
would be required to process the awolstatistics othe display to determine the appropriate
templateRajsic et al., however, did not directly test the ebshefit account of confirmatory

searching
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Template Matching
Target: @

Template Mismatching
Target:

Figure 1. A schematic of the search instructions and displays used in Experiment 1. The
instructions bedre each search block, pictured in the upper left, specified the stinesiusnse
mapping for a block of 24 trials. The supposed Target Template, expressed as a proposition that
may be answered in the affirmative or negative, is pictured in the thougleldn the middle

left portion. Template Matching and Template Mismatching Targets are pictured in the-bottom
left, for this set of exemplified instructions. On the right is a sample search display, with a

Matching Subset Size of 4, and a Template MisimatcTarget.

In the present paper, vagrectly examined theostbenefit account of confirmatory
searchingyy reducing the relative costs of template updating (or, of switching to a strategy of
falsification, in hypothesis testing termgAlthough it is not possible to reduce the cognitive
costs associated withal-to-trial template decisions, it is possible to add costs to search so that
cognitive costs are relatively lessened. To reduce the relative costs of template updating, we

measWHG SDUWLFLSDQWVY VHDU F Ko&dasdodfdted With ihspe@nyv DV N ZKH
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INSPECTIONCOSTSCONFIRMATION BIAS 9

stimuli in searclare higher than standard visual searchea typical search, individual search
stimuli (i.e., targets and distractoege inspected by some comldina of overt and covert shifts

of attention, and so the inspection costs in such searches would be the corresponding costs of
these shifts. In the present study, we measured seandhese experiments that varied the
dynamics of inspections used toscearch displays. Experiment 1 replicated the confirmation
bias finding with the stimulus modifications necessary for subsequent exper{melising

eye tracking, showing again that searches are dxiswards stimuli matching a template, and
uncoverng the oculomotor correlates of this effect. Experiment 2 used acgatiagent search

task, eliminating the contribution of covert shifts of attention to search, arguably the quickest and
cheapest method of visual data acquisition. In Experiment 3, @ttausiouseontingent search
task, wherenspections required limb movements by having the presence oftefyang

features on a given stimulus be contingent onsaoursor position. Such movements require a
host of additional costs, including the meéitment of larger muscle groups, increased degrees of
freedom during movement, longer efferent delays, and muscle contractionThiges.

experiment further increased the costs of acquiring visual informaiiepredicted that, as
inspection costs incread from Experiments 1 to 3, we would observe a complimentary
reduction in the confirmation bias in visual seatohExperiment 4, we address a possible
alternative explanation for changes in search strategy due to the additional inspection times

associad with the manipulations e first three gperiments.
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Experiment 1

Our goal for Experiment 1 was to replicéite design of Rajsiet al.(2015) with the
addition of eyetracking,and withtheslightly modified stimulithat were to be used in
([SHULPHQ Wonfingedt¢&tche®n each trial, participants reported whether a given
letter was on a givecoloured disc, or not. Trials where the letter was on the gredoured disc
are referred to as Template Matchifayget trials, and trials where the letter is on a disc of the
othercolourused in a block are referred to as Template Mismatching Target trials. Trials also
varied in the number of eaclloured disc that were present. All trials contained eight search
stimuli (coloured discs with superimposed letters), but any given trial could have two, four, or
six Template Matching stimuli, with respect to theatour. The design of this experiment was
identical to that of Experiment 1 in Rajsic et al. (2015), vhthéxception that search stimuli
were letters omoloured discs, instead of the letters themselves bmhgured. In terms of
search time, we expectedr&plicateour previous finding ofan increasingmonotonic
relationship between theemplate Matching Subssize and search time, paired with an overall
cost to search time when the target appeared img¢h®late Mismatchingolour. In terms of
oculomotor performance, we expected to find that more saccades would be Menpkate
Matching stimuli, especially early in search.
Methods

Participants. Twelveundergraduate students from the University of Toronto
participated in this study for course credit. All participants provided informed consent prior to

participation.
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Stimuli. The stmuli and procedure from thexperiment werevery similar to those
reported in Rajsiet al.(2015) All stimuli were generated using Matlab by Mathworks and the
Psychophysics ToolboxB(ainard, 1997; Pelli, 1997; Kleiner, Brainard, & Pelli, 2RGBtimuli
for each trial consisted of circularly arranged stimulus arrays. These search arrays were drawn
with a white fixation mark, 0.8° visual angle, in the centre of the screen. Search stimuli were
coloured circles, 2° visual angle in diametpositioned 8° visual angle from the fixation cross,
at eight positions on the circumference of an imaginary circle, separated by 45° of arc. On each
stimulus, a lettertone of p, q, d, or b, in lowercasavas drawn in white. The particular circle
colours varie by condition, described in the procedure. The sebloiurs used was purple,
yellow, green, orange, pink, blue, and (BB values: 200, 0, 255; 200, 200, 0; 0, 255, 0; 255,
128, 0; 255, 128, 255; 50, 50, 255; 255, 50, 50).

Procedure Eachexperimerdl session consisted @88 trials, broken into 12 blocks of
24. At the outset of each block, participants were presented with an instruction that defined the
Target Template for that block. Two stimukmours were randomly selected from the total set
of colours, and of those twoolours, one was randomly selected as the Tem@ateurfor that
trial. The Template was definéy wording the instructions as can be seen in Figure 1. In the
example provided, the Target would be a p, and the Tenptdteirwould begreen.The keys
(Z and X)corresponding to each response type (detection of a Template Matching Target, and
detection of a Template Mismatching Target), were randomly assigreadh block.

Trials within each block belonged to one of six cowmaisi, with presentation randomized
at the trialto-trial level. These six conditions were given byxa3factorial design, with the
factors ofproportion Templatéatching Stimuli (referred to for brevity simply as Matching

Subset Size) with the levels &f 4, and 6; and Targ€wolour, with the levels of Teiplate
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MatchingColourand Template Mismatchin@olour. Search displays remained onscreen until a

response was given, at which point the search stimuli were removed from the screen, and

responsee HHGEDFN ZDV JLYHQ LQ WKH IRUP RI WKH ZRUG 3&RUUF
the centre of the screen. The next trial began following a drift check, where correspondence

between the predicted and actual values from the eye trackercamiirmed wih a key press,

initiated by the participant.

While participants completed the search tasks, eye positions were recorded usiy the S
Eyelink 1000 desktop eyetracker. Before each experiment, participants were calibrated using a 9
point calibration rounhe, and drifichecks were performed before every trial. If the trial could not
be initiated, due to poor correspondence between actual and predicted values in the drift check,
the experimenter performed anothegp@nt calibration routine to recalibrate.

$W WKH HQG RI WKH H[SHULPHQWDO VrdpsiedRelectidiH DVVHV)
strategies using a brief questionnaire. Participants were first askedaetoci if any, they
searched first in an opeanded manner. The next question includégothetical template
LOQVWUXFWLRQ 33UHVV ; LI WKH 3 LV RQ D EOXH FLUFOH 3UH
participants wershown a sample display with a Mismatching Subset Si2e@éarticipants
were asked tondicatethe circle they wouldhspect first. The final two questions asked whether
participants used the strategy they had described above for the entire sesgiwther they
had developed it, andif they had switched strategieisvhat their initial strategy was.

Responses to ése questionnaires were used to classify search strategies as confirmatory search

or minimal search using the answer to the second question.
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252 Resultsand Discussion

253 Overall, the results of Experiment 1 show that both search RT and number of fixations
254  increased with Templat®latching Subset Size, showing confirmatory search. Three additional
255 findingsalsoemerged First,despite having an overall bias towards fixafirmplateMatching
256  stimuli, this bias decreased with Temp#ddatching Subset SizeSecondfirst-fixation

257 durations towards Template Matching stimuli tended to actually be longer than towards

258 Template Mismatching stimuliThird,searches were more oftearminated without fixating the
259 target when targets were Templésmatching, suggesting that searchers indeed tend to

260 preferentially search Template Matching subsets.

261 We first analysed median correct search times to assess whether search exhibited a
262 confirmation biasThese search times are depicted iruFega. Search RT overall increased

263  with Template Matching Subset Size, linear contriagt; 11) = 18.93MSE= 1.66,p 2

264 = 0.15, although the increase was not entirely linear, as suggeg@darginal quadratic trend,
265 F(1, 11) = 4.04MSE=0.08,p 2=0.01. Overall, searches were also faster when the
266  Target Colour matched the template than when it didR{@f,11) = 39.66MSE= 1.68,p <

267 2= 0.15.In addition, the overall accuracy was high= 93.1%,SE= 1.4%, and did not

268 differ by conditionFs < 1.47 ps > .25. These data, then, replicated the resultS)qferiments

269 1-4 inRajsicet al.(2015) in showing a confirmation bias in visual search.

'+HUH DV HOVHZKHUH LQ WKH SD 8values tathier thar thes DHNARIDEE typieeByR UWH G DV
reported in repeated measures designs.
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270
271  Figure 2. Panel A depicts median correct search times in Experiment 1, and Panel B depicts the

272 average number of fixations per search. Error bars depict one-sithjacts standard error.

273

274 Given that we collected eye movement data in Experiment 1, we took this opportunity to
275 measure the oculomotor basis of confirmatory search through three analyses; a simple analysis of
276 the number of inspections used in each of our six conditions, as wetther analyses: of how

277 biased inspections were towards Template Matching items, and of how often participants used
278 inference (i.e.reporting W K H Wdlbudwithojt\inspecting it) in their searches. We first

279 analysed the total number of stimulaspectionsin each condition. A inspection was defined

280 asany fixation, or set of fixations, occurringthin 2.5 degreesf the centre of a searctimulus

281 Dbefore a fixation occurred on either another stimulus, or no stinftbusne participant, gaze

282 data recorded from the eyetracker was lost, and so the following esahgsof the remaining 11
283 S DUWLFL STh&rwivb®r &f BXations per condition atepicted in Figurel2 As can be

284  seen, the number of fixations persdaincreased monotonically with Template Matching

285 Subset SizeF(2, 11) = 37.72MSE= 19.16,p 2= 0.06. Both linearE(1, 10) = 10.08,

286 MSE= 14.63,p 2=0.06, and quadrati&(1, 10) = 3.87MSE= 0.55,p 2=0.002,

287 trends were present, and so the effect of Matching Subset Size on number of fixations was



INSPECTIONCOSTSCONFIRMATION BIAS 15

288 decelerating. Fewer fixations were necessary with the Target Colour matched the template,
289  mirror search RTEF(1, 10) = 9.52MSE= p 2= 0.08.Thisresult fiows that overt

290 VHDUFKLQJ ZzDV PRVW HIILFLHQW ZKHQ W Kadd Ve tlaselyv vV SUHVI
291 mirrored the search RT data, suggesting $hggesting that confirmatory searching does affect
292 thenumber ofinspectionsised during search

293 We rext sought to determine whether selectivity of stimuli may have changed during the
294  search when confirmatory searching was inefficient. To accomplish this, foMedching

295 Subset Sizeand TargeColour, the proportion ofirst stimulusinspectionghat went to a

296 Template Matchingtimuluswas determinednd compared to the proportion of all other

297 inspectionghat went toTemplate Matchingtimuli. So that we assessediastowards

298 confirmatory stimuli, we firstorrectedhesemeasuregbroportionsin both Search Epochs (first

299 inspection, and all subsequent inspectidnysqccounting fothe proportion of stimulus

300 inspectionghat would be expected by clwangiven the display. Thus, wsed a guessing

AEO®a:00400 .
S5 0i0D wherep(Obs) was theneasured probability of

301 correctionof L:$E=Q

302 inspecting the Template Matchieglourandp(Chance) wa<.25, 0.5, and 0.7®f the

303 Matching Subset Sizes 2, 4, and&spectivelylmportantly, wherp(Obs) was belowp(Chance),
304 p(Chance) was adjusted to the proportion of Template Mismatcbiogrs in the displayThe
305 resulting stimulusnspectiontendencies are plotted kgure 3

306 A repeated measures ANOMW the resulting proportiorshowed a main effect of

307 MatchingSubet SizeF(2, 2) =6.47, MSE=0.52,p=.007 2= 008, such that the bias

308 towardsTemplate Matchingtimuli deceased linearly as more Templ&atching Stimuli were
309 in a search display(1, 10 =6.96 MSE=1.01,p=.025 2= 008. That the biasvas larger

310 when fewer Templat®atching stimuli were preserdnd smaller when more Template
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311 Matching stimuli were presens consistent with a contribution eftherbottomup salienceor

312 strategic searchindp stimulusinspectionsA main effectof TargetColourwasalso observed,

313 Fs(1, D) =16.36 MSE=0.85,p =.002 2=.07, but wasqualified by an interactiowith

314 Search EpocHF(1, 10 =12.58, MSE= 0.39,p=.006 *= 0.03. Separating analyses by Target
315 Colourrevealed that the likelihood afspectinga Template Matching stimulus only changed
316 between the firshspectionand subsequeimtspectionsvhenthe target was in the Template

317 MismatchingColour, t(10) = 3.46 p = .006, reflecting the fact thaiarticipantston these trialst
318 likely tended tacontinue to search until the target had biespectedthus altering the

319 proportion of fixations to Templat®latching stimulj asthe target was itself Template

320 Mismatching inthese trials. No difference stimulus selectivity was present between the first
321 and subsequent stimulirspectionsvhen the target was in tHiemplate Matchingolour, t(10)

322 =109 p=.30.

323 To complement the selectivity analysis, we also analysed the duration of first inspection
324  on trials where the target was not the first fixated item. This allowedalgdaoa measure of

325 the initial duration of item processing, without contamination feg@rch terminaticrelated

326 processing. A threevay ANOVA including TargetColour, Template Matching Subset Size, and
327  Stimulus Type (Template Matching or Template Mismatching) revealed only a main effect of
328  Stimulus TypeF(1, 11) = 8.72MSE= 10247p 2= .01, such that Template Matching
329  Stimuli were inspected for more timd,= 221ms,SE= 7 ms, than Temigte Mismatching

330 Stimuli, M = 203ms, SE= 8 ms. All other factors and interactions did not reliably affect first

331 inspection durationds< 1.87,pV ’s < .4,
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Figure 3. Bias towardsremplate Matchingtimuli, above (or below) chaa, plotted for each
Template Matchingubset Size, for Mismatchir@olour Targets (redarg and Matching

ColourTargets (green barg) Experiment 1Bias for first inspections is plotted wiglolid bars
and bias for subsequent inspections is plottestrgsed barsError bars represent 1 SE of the

mean

Theprecedinganalyses demonstrate tisgtarches are controlled by several sources. The
change in selectivity caused by Matching Subset Size demonstrates an influence of either task
specific strategy or bottomp saliencen stimulus selection. However, tfeet that theoverall
bias, regardless of magnitudetowards Template Matchingplours in all conditionsighlights
the contribution of the confirmation bias in visual search.

The change in selection bias that appeared only when targets appeared in the Template
MismatchingColoursuggests that participantsy haveopted to visually cadiirm the colour of
the target stimulus before responding, instead of relying on inferas@aspecting the target on

these trials would require at least one Template Mismatching inspection, thus lowering the bias
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score This interpretation is bolstered the finding that inspections after the first show a larger
reduction in bias to Template Matchisgymuli, as target inspections would naturally come at the
end of the search. If searches always ended with a target inspection, this would mean that
partiapants may have opted to conduct a cognitively simpler search, wherein inspections
continued until the target stimulus was encounteggdn though our task allowed for inference

if searches were conducted in a strategic mai@methe other hand, the nedrance bias at
Matching Subset Size 6 maysteadreflecta mixture of biases across triaguch that

participants actually switched templates on some tifalsletermine the search strategy that
participants usedye calculated the proportion of trialgherethetargetwasinspectedeforea
correct responseasggiven. We reasoned that, for a given Matching Subset Size, the difference
in theprobabilityof targetinspectiongeflects the use of inference. If trials are successfully
terminated following a targ@ispectionmore often when the targeblour matches the target
template than when it does not, we can conclude that participants relied on infenerate a
responsenore often in the templataismatching condition, and were more likely to visually
inspect the template matching stimialthe template matching conditiohhesetargetinspection

data are plotted iRigure 4
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Figure 4. Proportionof trials whereargets were fixated before being correctly identifred
Experiment 1Green, dashed line demdtials with a Template Matching target, and red, solid
lines depict trials with a Template Mismatching target. Error bars show one standard error of the

med.

The probability of a targehspectiorwas affected by Targ&olour, F(1, 11) =10.73
MSE=0.95,p=.008, 2= 0.3 with Target Fixations being overall more likely in the Template
Matching ConditionMnmatch= .88, SEnatch= .04, Mmismatch= .64, SEnismatch= -07. This indicates an
overall tendency to complete searches by visually confirming the presence of a Template
Matching Targetbut toreport the absence of a Template Matching Target using inference.
However this effect interacted with Maling Subset Siz&(2, 20 = 861, MSE=0.17,p=
002 ?=003

Whenthe Matching Subset Size wags&getinspectionsvere more likely when the
target matched the templatelour, t(10) = -4.06,p = .002. The same was true of Matching

Subset Size 4(10) =-.3.54,p = .005, but not of Matching Subset Size 6, wharget
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inspectionsvere equally likelyt(10) = 1.09p = .30. Given that, ithe Matching Subset Size 6
condition,targetinspectionglid not reliably differ and thatargetinspectionsoccurred often for
both TargetColours, it appears that participamsl notconsistentlyusecolourto guide their
search strategylhe variance invhich subset (Template Matching or Template Mismatghis
selecteds unlikely to be due to individual differences in strategy, as reported strategy (searching
matchingcoloured stimuli or searching the minoritplour, included as a Between Subjects
factor) did not interact with any Target Fixation effedts,< 1.35ps > .29, or Selection Bias
effects,Fs < 2.99ps > .19.

While the response time data reported here and in Rajalq2015) suggesthat
participants opted to search through the Igrgemplate Matchingubset Size even when that
would incur a search time costdetailed look at search behaviour shows a mixture of search
strategies. While we observed an overall bias to select stimuli that would confirm the presence of
a Target Templat this tendency decreased as the Template Matching Sibsebcreased
Furthermore, analyses of inference in search suggested that participants occasionally switched to
a disconfirmation strategy when this was economiath evidence for a mixture séarch
strategies would account for the small quadratic trend in search slopes found in this experiment,
as well as in our previous experiments (Rajsic et al., 20h®)confirmation biasthen, is
stochasticit is reducedvhen inefficient, but not reliably. This may be duatelative increase
in the salience of informaticthat matches a target template, which must be overcome using
acquired knowledge dhetaskspecific strategyn those trials where confirmatory selairgy

would entail a longer search
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Experiment 2

The next step in determining whether confirmation bias results from a cognitive cost
benefit tradeoff was to measure search when stimulus presentation wasgatmegent. In this
experiment, participantsere still presented witboloured circles constituting tbe-search
stimuli, but the critical target featurethe letters superimposed upon the circl®gere not
presented unless a given stimulus was fove&ganaking information accrual in seh
contingent on eyposition, we reduce some of the avenues available to search (namely, covert
shifts of attention to peripheral and p@aveal portions of the visual field). This is expected to
increasehe relative costs of inspections and template upgasind so we predicted a shift
towards more strategic, and less confirmatory, searching.

Method

Participants. As in Experiment 1, 12 participants completed the experiment as partial
completion of course crediarticipants were enrolled in a figear Psychology course at the
University of Toronto, and provided informed consent before participating.

Stimuli and Procedure The task, stimuli, and procedure for Experiment 2 were
identical to Experiment 1 with the following exception: search stimuli consisted oodjamfred
FLUFOHV ZKHQ QRW ILIDWHG :KHQ SDUWLFLSDQWVY JD]JHV IH
particdar circle, the letter assigned to that stimulus (as in Experiment 1) was drawn on the
IL[IDWHG FLUFOH :KHQ SDUWLFLSDQWVY JD]JHV OHIW D FLUFO
target information was only present when a stimulus was fixateith Bgperiment 1, each
participant underwent a calibration procedure prior to completing the experiment, and was
recalibrated when a drift correct before each trial indicated poor calibration, in order to ensure

accurate recording of eye position.
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Resultsand Discussion

To lriefly previewthe results of Experiment 8arch R, fixation durations, stimulus
selectivity, and target inspections all revealed ¢faaecontingent searches were more strategic
than standard searché&verall accuracy was again high during the search dsk93.1%,SE=
1.0%, and did not differ by conditioRks " 1.56,ps ¢ .23.These search times are depicted in
Figure 5aA visual inspection reveals that, unlike Experiment 1, the effelftadthingSubset
Size F(2, 22) = 22.34MSE= 4.95,p < .001, %= 0.18, was not moronic. Instead, Matching
Subset Size produced a mixture of linear and quadratic treads14.09p V s >0.07,
indicating that participants had adopted the more flexible subset search strategy, choosing to
inspect the smaller subset. Searches were faster TargetColourmatched the templaté(1,
11) = 7.44MSE=1.01,p 2= 003, although amarginal interaction was also observed,
F(2, 22) = 3.42MSE=0.49,p 2= 0.02. Pairwise comparisons revealed tfiamplate
MatchingTargets were only found faster than Template Mismatchingefsiat Matching
Subset Size 2(11) = 3.97p = .002, Mmatch= 2002MS SEnaich= 135MS Mmismatch= 2402ms,
SEnismaich= 189ms. At Matching Subset Size 4, a marginal difference between Taigets
existed,t(11) = 2.12p = .058,Mmatch= 2720MS SEnatch= 205mMS Mmismatch= 3087mMS SEnismatch
= 161msbut atMatching Subset Size 6, no difference between T&gkiurs was present(11)
=-0.394,p = .70,Mmatch= 2627mMS SEnatch= 207MS Mismatch= 2682mMS SEyismatch= 207mMmsAn
advantage for findingemplate Matchingargets was present at Matching Subsetssiznd 4,

but not at Matching Subset Size 6
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444
445  Figure 5. Panel A depicts median correct search times in Experiment 2, and Panel B depicts the

446  average number of fixations per search. Error bars depict one-sithjacts standard error.

447

448 As in Experiment 1, we measured stimulus inspections (as defined earlier) used in search
449  to uncover how participants went about finding target stiribie gaze data for two participants

450 was lost due to a computer error, andrsofollowing analyses are of the remaining ten

451 S DUWLFLSD QWe/rgsuiting ldvesdg@hDmber of inspections per condition are depicted in

452  Figure 5bAs with search RT, Matching Subset Spreduced a nomonotonic effecindicative

453 of a flexible siset search strategy(2, 18) =6.93, MSE= 6.05, p 2=0.03, showing a
454  strong quadratic trend of Matching Subset Sk{&, 9) = 11.78MSE= 6.88,p 2=0.02,
455  but only a marginal linear tren8(1, 9) = 4.49MSE=5.22,p 2= 0.01Fewer

456 inspections were required wh&argetColourmatched the templaté(1, 9) = 5.62MSE= 1.60,
457 p=.042 2=0.004 and this effectlid notinteractwith Matching Subset Siz&(2, 18) = 1.03,
458 MSE=0.33,p 2 < 001 The number of inspections used, closely mirrored search RT

459 data, as in Experiment 1.
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To assess the selectivity in search, we again calculated the bias towards, or away, from
TemplateColour Matching Stimuli for two Search Epochs: first inspections, ams$equent

inspections. These scores were corrected for chance, and are plotted i6Figure

o o
o o —

0.4

—
N

(@

BT

Bias To Matching Stimuli
L, ©0 00
AN IR I N

2 4 6
Matching Subset Size

Figure 6. Bias towardsTemplate Matchingtimuli, above (or below) chaa, plotted for each
Template Matchingubset Size, favlismatchingColour Targets (red bars) arMatching
ColourTargets (greebarg in Experiment 2Bias for first inspections is plotted wislolid bars
and bias for subsequent inspections is plottestrgzed barsError bars represent 1 SE of the
mean

We observed two iiences on selectivity. First, the bias towards Template Matching
Colours was affected by Matching Subset SE@, 18) =23.23 MSE= 2.96,p 2=
0.41, such that the bias decreased linearly as Matching Subset Size incF¢As@§i=26.55
MSE=5.47,p= 2= 0238. A quadratic contrasE(1, 9) =9.33 MSE=0.46,p=.014 2=
0.03, showed that the change in bias was greater between Subset Sizes Man® 28 SE, =

0.07, Mg =-0.12 SE; = 0.09; than between Subset Sizes 2 ani4= 041, SE = 0.06. Second,
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Search Epoch affected the big¢], 9) =7.73 MSE= 0.11,p=.021, %= 0,007, with thebias
being overall lower after the first inspection

Critically, comparing the effect d¥latching Subset Size on the selection bias between
Experiments 1 and 2 yielded an interactib(®2. 38) = 5.44MSE= 0.56,p 2=0.03
Independent samplégests showed that this difference was drilegm@ reduction in the bias at
MatchingSubset Size 6f Experiment 2t(19) = 2.43p = .025 indicating thagazecontingent
searching led to the strategiiocation of attention towards the Mismatchoadour stimuli,
unlike in Experiment 1in contrast to Experiment 1 as well, an analysis of first inspection
durations of distractors revealed no main effect of Stimulus H(ie9) = 2.44MSE= 196251,

p 2= .02, but rather an interaction between Stimulus Type and Template Matcibiset S
Size,F(1, 9) = 5.19MSE= 108582p 2= .02. Paired samplésests revealed a reliable
difference betweeBtimulus Types at Matching Subset Siz&2) = 9.20,p < .001, such that
Template Matching Stimuli were inspected lond#aich= 597mMs SEnaich= 36MS Mnmismatch=
292ms,SEnismaich= 20ms and a marginal trend in the same direction for Matching Subset Size 4,
t(9) = 1.96,p = .08, Mnatch= 450mMS SEnatch= 35MS Mmismatch= 374MS SEnismatch= 27MS,but no
difference at Matchin@ubset Size 6(9) = 1.13p = .29 Mnatch= 463MS SEnatch= 26ms,

Mmismatch= 435MS SEnismaich= 20ms. Thus, the change in selectivity noted in our bias
measurement was complimented by a similar change in inspection durations.

The change iselectivity observed using gazentingent windows might simply reflect a
longer time spent planning searchagch that participants updated themplate on each search
as warranted by the distribution@floured stimuli in the displayHowever, compamg the time
between search onset and first inspections between Experiments 1 and 2 yielded no reliable

differencesFs < 2.20ps < .17. The first inspection times at Matching Subset Size 6 for
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Experiments 1 and 2 welg,p1 = 404ms SEeyp1 = 27ms andVgxp2 = 416ms SEeyp2 = 27ms
respectively. If the improved selection strategy seen in Experiment 2 occurs due to longer search
planningand template updatinghen it would appear that this additional planning only requires
approximately 12ms.

Lastly, weagain analysed the likelihood of fixating the target stimulus before providing a
correct response. These data are plotted in Figuiéhile target fixation probability showed a
main effect of TargeColour, F(1, 9) = 7.69MSE= 0.62,p 2= 005, an interaction was
observedF(2, 18) = 21.17MSE=0.84,p 2= 0.15. Paired comparisons between Target
Colours at each Matching Subset Size further supported the conclusion that participants flexibly
allocated attention to either the MatchimgMismatchingcolourstimuli. At Matching Subset
Size 2t(9) = 6.08,p < .001, the target was fixated more often when it was Template Matching,
Mmatch= 0.998,SEnaich= 0.002 than when it was Template MismatchiMismatch= 0.43,
SEnismatch= 0.02 This was also true at Matching Subset Siz€94,= 3.73,p = .005;Mmatch=
0.91, SEnatch= 0.08, Mmismatch= 062, SEnismaich= 0.08. At Matching Subset Size 6, however, this
difference reversemaich= 0.63,SEnaich= 0.08,Mnismatch= 0.87,SEnismatch = 0.08, albeit only

numerically,t(9) = 1.84,p = .099.
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Figure 7. Proportion of trials where a correct response was given and the target was inspected
before search termination Experiment 2Green, dashed line degsdtials with a Template
Matching target, anthered, solid line depisttrials with a Template Mismatching target. Error

bars show one standard error of the mean.

In sum, the resultSom Experiment Zhow that gazeontingent search reduced the
extentof confirmatory searchin@gs assessed byeasurements of search time, average
inspections, selectivity, angito an extentttarget fixations These findings converga the
conclusion thatunder search conditiomgth higherinspection costgarticiparns were able to
prioritize thesmallersubsetirrespective of the search propositionprder to search more
effectively. Despite this improvement in prioritization, the confirmation bias was still present in
two ways: first, participants hadpseference for selecting Template Matching stimuli at
Matching Subset Size 4Secondthe bias towards Template Matching Stinddviatedfrom
chance at Matching Subset Sizen@rethan the bias towards Template Mismatching stimuli

deviatedrom chance aMatching Subset Size @verall, however, Experiment 2 suggests
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confirmation bias can be reducetien the costs of accessing information are incredsed
Experiment 3, we provide a stronger test of this proposal by introducing additional inspection
cogs.
Experiment 3

In order to test whethesearches are mosedficientwhen the costs of inspections are
increased, we conductedhard experiment where these inspection costs were further increased.
In this experimentwe used a moussontingent search, reasoning that the additional costs of
control over theslowermovements would increase incentives to search strategiCalgpared
to eye movementgrm and handhovements requirthe recruitment of larger musclesyatve
additional degrees of freedoamdsuffer larger efferent delaymd contraction timedvioreover
there areadditional reference frame transformatiémsmousecursor contrglwhere the cursor
moves in a different spatial plane than the controlaein terms of performance, eye
movement time increaséess as the index of difficultya(measure of movement difficulty in
terms of speedccuracy tradeffs) than docursor movement tinggVertegaal, 2008)Given
these additional demands, we expected the change in guidance seen between Experiments 1
and 2 would be further exaggerated in Experiment 3.
Method

Participants. A new sample of twelve undergraduate students, enrolled in-gdiast
Psychology course at the University of Tororompleted this experiment for partial fulfillment

of course credit. All participants provided informed consent before participating.
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Stimuli and Procedure Stimuli and procedureere identical to Experimentwith the
excepion that a cursor, controlledyla standard USB computer mouse, was used to control the
presence of search stimuli (letters). Given that the cursor was used to inspect the display, gaze
positions were not recorded, and no ageking was performed.

Results and Discussion

Overall, heresults of Experiment 3 mirrored those of Experiment 2; strategic stimulus
selection of smaller subsets as revealed by searshriber of inspections, color selectivity,
and target inspection probability. Comparisons between Experiments 1 and 2, hoawaeaded
that the extent of strategic selection was amplified by using mmrgegent searctOverall
search accuracy was high in Experimernt3; 92.8%,SE= 2.1%, but was affected by
Matching Subset Siz&(2, 22) = 7.03MSE= 0.03,p 2= 009, and the combination of
TargetColourand Matching Subset SizZ€(2, 22) = 5.72IMSE= 0.006,p 2=002
Accuracy for trials with &emplate Matchingubset Size of,oM = 89.0%,SE= 3.3%,was
lower than for other Matching Subset SiZdss 94.7,SE= 1.5%,F(1, 11) = 7.79p = .018,

S D U WHLOD® and was lower when the Target appeared in the Template MismaGiimgy,
but only at Matching Subset SizeMgaich= 91.9%,SEnatch= 2.4%,Mmismatch = 86.1%, SErismatch
= 4.4%. More response errors were made, overall, on thoseitrimlsich confirmatory
searching would be most difficult.

Median correct search RBse depicted in Figure 8a. These search tshesved, like
Experiment 2, that searches warerestrategicMatching Subset Sizd(2, 11) = 30.72MSE=
5.72,p 2= 033, had a normonotonic effect osearch, with both a lineaf(1, 11) =
16.21,MSE=2.92,p 2= 009, and a quadrati&(1, 11) = 44.32MSE= 8.51,p < .001,

2= 025, trend accounting for the effect. The presence of the quadratic trend indicated that
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573  participants again did prioritize the Template Mismatclsinguli when appropriateA main
574  effect of TargeColourwas observed;(1, 11) = 7.08MSE= 2.86,p 2= 008, but was
575 accompanied by an interactidf(2, 22) = 3.43MSE= 0.46,p 2= 002 We therefore
576 compared the search RT for different Tar@etours at each Matching Subset SiPairwise
577 comparisons revealed that Templ&@@ourMatching Tagets were reported fastidran

578 TemplateColourMismatching Targets at Matching Subset Siz€9),= 2.62,p = 0.24,Mnatch=
579  1950mMS SEnaich= 62MS Mmismatch = 2444ms SEnaich= 196ms andMatching Subset Size #9)
580 =3.37,p=.006,Mmatch= 2877mMSSEnatch= 153MS Mismatch = 3470MS SEnismatch = 177ms, but
581 notatMatching Subset Size 6, where no difference was obse@¢d; 0.54,p = .60; Mmatch=
582  2637mMS SEnaich= 92MS Mmismatch = 2744MS SEnismatch = 200ms.These results parallel

583 Experiment2 in demonstrating the emergenceadéndency t@rioritize template mismatching

584  stimuli when such stimuli appear in the minority, and could therefore reduce search load.

585
586 Figure 8. Panel A depicts median correct search times in Experiment 1, and Pédey@cB the

587 average number of fixations per search. Error bars depict one-sithjacts standard error.
588
589 As with Experiments 1 and 2, we analysed the dynamics of search using thres metric

590 total inspections, bias towardemplate Matchingtimuli, andlikelihood of targeinspection
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For the first metric, we defined an inspection as instances where the cursor was placed over a
target stimulus. If the same stimulus was revealed with the cursor as the previous revealed
stimulus, this was considered asilagle inspection, in order to prevent oweunting by poor

cursor controlUnfortunately, inspection durations could not be analysed due to a coding error
that resultedhe times of each inspection being improperly recardad resulting average
numberof inspections are depicted in Figure 8b.

As with search RTiMatching Subset Sizead a normonotonic effect on the average

number of inspection§(2, 22) = 19.48MSE= 13.81,p 2=027, as evidenced by a
mixtureof a linear,F(1, 9) = 6.86 MSE=5.72,p 2= 006, and a quadratid(1, 9) =
37.54 MSE= 21.88,p 2= 021, trend. The effect of Targ€olourdid not reach

statistical significances(1, 11) = 4.07MSE= 5.64,p= .07, %= 005, and no interaction was
observedF(2, 22) = 1.23MSE=0.19,p 2= 0004 These results did not differ markedly
from those observed in Experimentatd show a strategic, rather than confirmatory, search
strategy To provide a direct comparison, however, we included Experiment as a between
subjects factor. This analysis revealed no interactions betweé&fféotor (eye or mouse) and
TargetColour, Matching Subset Sizer their interactionFs " 0.95,ps «.40, s "0.003
However, a main effect of Effector was preséiif,, 20) = 40.93MSE= 129.60p 2=
0.13, with mouse contingent searches requiring fewer overall inspections than gaze contingent
searchesMmouse= 3.11,SEnouse= 0.21,Mgaze= 5.10,SEjaze= 0.23.

We next analysed the selectivity bias, calculated using inspections, which is plotted in
Figure9. Matching Subset Size affected selectivigg?, 22) =35.88 MSE=17.43p 2
= 059, such that the bias towar@iemplate Matchingtimuli reduced as the Template Matching

Subset Size increasde(1, 11) =39.98 MSE= 33.76,p 2= 058. A quadratic trend was
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614 also presenf(1, 11) =8.71, MSE=1.11,p=.013 %= 002, reflecting a larger drop in

615 confirmatory selection lieeen Subset Size ¥ = 040, SE= 0.0, and Subset Size B = -

616 0.38 SE= 0.16, than from Subset Size B = 081, SE= 0.05, to Subset Size 4. In addition,

617 Subset Size interacted with Search Ep@icht inspections vs. all other inspectionsj2, 22) =

618 13.57 MSE=0.16,p 2= 0.006. However, a thregvay interaction between Search

619 Epoch, Matching Subset Size, and Ta@elourwas present: (2, 22) = 4.91MSE= 0.03,p =

620 .017 2=0001 and so we analysed changes in selectivity by Search BpdchargeColour

621 separatgl for each Subset SizAt Subset Size,2here was a main effect of Search Epdf,

622 11)=6.68 MSE=0.20,p=.025 2=0.07, and no other effectfs "1.15 ps *.31, s "0.01,

623 reflecting a decrease in the bias after the first inspection. However, for Matching Subset Sizes 4
624 and 6, no changes in selectivity were observed by Search Epoch orCalmetFV 7  ps

625 2V "008 Overall, the most striking result is thadlour selectivity was enhanced in the
626 mousecontingent compared to gazentingent search, as evidenced by an interaction between

627 Matching Subset Size and Experiment (2 vsFg)}, 40) = 7.46MSE=2.42p=.0 2= 07.
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Figure 9. Bias towardsremplate Matchingtimuli, above (or below) chaa, plotted for each
Template Matchingubset Size, favlismatchingColour Targets (red bars) arMatching

ColourTargets (greebarg in Experiment 3. Bias for first inspections is plotted veittid bars
and bias for subsequent inspections is plottestrgsed barsError bars represent 1 SE of the

mean

As a final analysis, we examined the likelihood of correctly completing a safech
visuallyinspecting the targetwvhich is plotted in Figur&0. Main effecs of TargetColour, F(1,
11) = 7.24MSE= 0.88,p=.02 2= 008, and Matching Subset Siz&(2, 11) = 4.40MSE=
.004,p 2<0.001, as well asin interaction between Targ@blourand Matching Subset
Size were observe#(2, 22) =37.53 MSE= 2.76,p 2 = 050. Comparing target fixation
frequency between Targ€blours (Template Matching and Template Mismatching) for
Matching Subset Sizes revealed a higher probability of fixating the Target on the Template
Matching Target trials when the Matching Subset Size was 2tgfl4) " 341, ps < .0®, but

that this patternaversed at Matching Subset Sizé(61) =3.20 p = .008. This indicates that,
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overall, participants inspected Template Mismatching stimuli first when the Template Matching
stimuli were more numerous, and relied on inference to report the presencawjlatée
Matching Target in these conditions more often thaninaddition the use of inference was
morepronouncedn Experiment 3 than in Experimentds indicated by a thregay interaction
between Targefolour, Matching Subset Size, and Experiméi{g, 40) = 3.37MSE=0.20,p =

2= 002 This supports our speculation that increasing inspection ewstasing limb
PRYHPHQWYV LQVWHDG RI VDFFDGHV LPSURYHG SDUWLFLSDQ'

search on a trigtlo-trial basis.

Figure 10. Proportion of trials where a correct response was given and the target was inspected
before search termination in ExperimenG3een, dashed line depsdtials with a Template
Matching target, anthered, solid line depisttrials with a Template Mismatching target. Error

bars show one standard error of the mean.

Although the results of Experiment 3 show that increases in inspection costs lead to

reductions in confirmatory searching, one remaining issue is that, thus far, it is unclear whether it
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is motor costs, information costs, or simply time costs that undleeiehanges in search
strategy. In Experiment 2, we used a geastingent search to limit the perceptual information,
which we expected to increase the costs of poorly planned search inspections in terms of lost
information (from the visual peripheryn Experiment 3, we used a mowusmtingent search to
increase the costs in terms of motor contteVery inspection required larger limb movements
and additional reference frame transformations. However, both of these manipulations also
increased the ovall time required to acquire information, as can be seen in the average different
in RT between the Subset Size 2 and Subset SikemMplate Presercbnditions, which reflects
the extra time taken to search through two extra items to find the teliggt= 300ms SE:yp1 =
53ms,Mexpe = 718MS SEexp1 = 133MS Mgy = 861ms Skexe = 100ms. In fact, one could argue
that no strategy shift occurred at all; if strategic search control, which relies on an analysis of the
properties of the display to choabe optimal guidingolour, simply takes longer to emerge
than confirmatory search biases within a given trial, the longer inspection times may entirely
account for our findings. To test this possibildyfourth experiment was conducted.
Experiment 4

Experiment 4 tested whether the improvements in search strategy seen thus far can be
attributed solely to the time required to plan inspections within a search. To test this, we
introduced intermittent masks into the search displdyych controlled the amont of time that
targetdefining information was visible. By doing so, we directly controlled the amount of time
available for participants to plan their subsequent inspections within a given search. If
improvements in search strategygnot actually strategic batre entirely due tthe time taken to
plan inspections, then searches displays with imitgrmationrates should exhibit confirmatory

searching and search displays with ioformationrates should exhibit strategic searcl@s.
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coursejost time can also be consigtd an inspection cost, which could lead to sort of shifts in
control that would properly be considered a strategy shift. If this were the case, participants who
practiced searching with low Information rates wouldvglactransfer of strategic searching to

fast Information rate displays, whereas participants who practiced searching with high
Information rates may show a transfer of confirmatory searching to slow Information rate
display.To test thisalternative, we ratwo groups of participants through a blocked design
experiment, where half of participants searched through low Information Rate displays before
switching to high Information Rate displays, and the other half of participants experienced the
oppositelf information rate plays a key role in determining the manner of seeecihould

expect thahigh Information rate displays would lead to confirmatory searching and low
Information rate display would lead to strategic searching.

Method

Participants. Eighteen undergraduate, first year psychology students participated in this
experiment in exchange for course credit. All provided informed consent, and were naive to the
purposes of the study.

Stimuli and Procedure. The stimuli were identical to those of Experiment 1 with the
following exception. Where in Experiment 1, search stimuli consisted of lowercase letter (p, q, d,
and b) printed on top @oloureddiscs search stimuli in Experiment 4 were dynamic. Stimuli
oscillated between being drawn as individual lowercase letters on tmoofred discs and
overlapping lowercase letters drawn on togabured discs. These overlapping lowercase
letters served as masks, which prevented letter from being recognizegl menizds of masking.

For a given search stimulus, the letter presented aolisired disc did not change between

masking periods.
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Two Information Rates were used. High Information Rate trials were those in which
search stimuli alternated between 23%hketterpresentation and 65ms of mask presentation.
Low Information Rate trials were those in which search stimuli alternated between 235ms of
letter presentation and 765ms of mask presentadiaepiction of this method can be seen |
Figure 11 Half of participants completed six blocks with High Information Rate trials first,
followed by six blocks of Low Information Rate trials first. The other half of participants
completed the opposite block order. Participants wassggned to the Information Rateder

conditions in alternating ordelEye position was not monitored in this experiment.

Figure 11.An example illustration of the stimuli and procedure used in Experiment 4. Note that
the difference between high and low information rate trials corresgorttie duration of the

mask display on the right (these possible durations are shown above the mask display).
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Results and Discussion

The overall results of Experiment 4 showed that searches were consistently strategic
when the information rate was low, lalsoshowed confirmatory search patterns when
information rate was high and when this was the first condition experienced. Inggggestihen
high-information rates searches were performed after first experiencing low information rate
searches, participants continued to search strategically despite the change in information rate.

Median correcRTswere analysed for three conditiomMdatching Subset Size, Target
Colour, and Information RatéAs expected, each had a main effect on RS> 2.44, ps < .001,

%s > 04. Importantly, the interaction between Information Rate and Matching Subset Size was
significant,F(2, 34) = 810, MSE=2.93,p 2 = 0.03.While this supports the possibility
that the improved search strategyexperiments 12 and3 merely reflect the extra time needed
to plan inspections strategically during search, Matching Subset Size was quadraticefiytoelat
Correct RT for both High Information Rate trialg1, 15) =5.76 MSE=0.69,p< .08 =
0.06, andLow Information Ratef(1, 17) = 27.51, MSE=16.71,p< .001 2= 020. Therefore,
we analysedearch performance for High and Low Information Rate trials with added factor of
Information Rate Order.

For High Information Rate trial$nformation Rate Order interacted with Matching
Subset Sizd; (2, 34) =8.975 MSE= 0.53,p 2= 0.1. For those who completed High
Information Rate trials first, Matching Subset Size affected RT linelafly,8) =43.01, MSE=
2.37,p< 2 = 045, with no quadratic trendf(1,8) =0.612 MSE=0.01,p= 81 2=
0.002, showing confirmatorgearching. When Low Information Rate trials were experienced
first, Matching Subset Size on High Information Rate trials affected RT withadwibartrend

F(1,8) =25.34 MSE=1.25,p=.001 *= 021, andaquadratidrend F(1, 8) = 14.59 MSE=
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1.66,p=.006 2= 029, demonstrating the presence of strategic searching despite identical time
available for planning inspections within a trial (see Fidie Participants who began the
experiment with Low Information Rate trials likely learnedige the distribution afolours to

inform their search strategies, given the amount of planning time available within each trial. This
practice and strategy development transferred over to performance on later High Information
Rate trials, as seen abowvdjere less confirmatory searching occurred. Therefore, it appears that
search strategies are indeed sensitive to inspection costs, which, in this case, were opportunity

costs *the time used inspecting one stimulus that could have been spent inspediey.ano

Figure 12. Correct average median search RTs, split by participants who completed Low
Information Rate searches first (left) and who completed High Information Rate searches first
(right). Red lines depict Template Ndatching Target trials, andréen lines depict Template
Matching Target trials. Solid lines depict Low Information Rate trials and dashed lines depict

High Information Rate trials.
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General Discussion

Visual search can be viewed as a procésssting whether a particular visual state (the
presence or absence of a target) is true or faldier weshowed that, in a multipiearget
conjunction search, search is biased towards whichever target conjunction is framed as the search
template, whib we described as a confirmation biajsic et al., 2015)n this task, searchers
will place higherpriority on search stimuli that match the target template, despite the fact that
template assignment is arbitragndinspectmore stimuli in the compt®n of a given search
thanan optimal search strategy requir€s account for this bias, Rajsic et al. suggested that the
cognitive costs ofipdating guidance on each trial n@aytweighthe costs ofoversearching a
display.Our goal in the present studsas toprovide direct evidence fdhe speculation that
confirmatory searching results from a cbenefit tradeoff between determining the most
efficient manner of testing a visual hypothesis and simply matching input to a goal state (i.e., a
templateyegardless of theurrentenvironmental statistics (Rajsic et al., 2015)

The currenfour experiments converged on the conclusion that more efficient visual
hypothesis testingtthat is, adopting templates that reduced the number of inspections necessary
to find the targettwas used when the costs of individual inspectioesewmcreased. In
Experiment 1, we replicated our earlier findings of a confirmation bias in visual search with eye
tracking, demonstrating that the confirmation bias in standard visual search ig gviden
oculomotor behavior: stimuli matching the confirmatory templateeiigated more often, and
participantsoftenconclude that a Template Mismatching target was present after exhaustively
searching for a Template Matching targetherthan searchinthe Template Mismatching set.
Experiment 2 investigated searches whesponse features of stimuli, but not guiding features

(i.e.,coloun, were gazeontingent. In this case, when covert attention directed to the pgripher
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could not contribute to searcteither through covert shifts of attention or peripheral saccade
plannng (Geisler, Perry, & Najemnik, 2006)participants were relatively more successful at
prioritizing the smallecoloursubset, regardless of whether the subset contained confirmatory or
falsifying information about the target proposition. In Expering&mnwhen mouseontingent
searches were used, requiring more costly limb movements to inspect the search display, the
balance between confirmation bias and strategic searching was further shifted towards the latter.
Finally, in Experiment 4by controllingthe rate of information availability during searches,
determined that the changesimategy was indeed a response to inspection dasten together,
these results provide strong evidence thattendency to adopt simpler visual search strategies is
a result of the cognitive costs of more sophisticated search strategies.

An importantfinding that emerged from an analysis of eye tracking data in Experiment 1
is that, even in standard visual search, a mixture of the two search strategies wasfevident.
stated earlier, this likely accounts for our finding (Rajsic et al., 2015) that search slopes between
Template Matching and Template Mismatching searches are not 2:1, as would be the case if
search involved an exhaustive search of the Template Matshbsgt. It is not yet clear whether
this mixture is due to a difference between participants in search strategus,o
SDUWLFLSDQWVYT RZQ SHUIRUPDOQFH , citdesdltsnBrietBdleddbdwWwL R Q R
that the confirmation bias manifests an advantage for Template Matching stimuli in selection,
but that his advantage is probabilistic, and can be supplanted by aefficrent search strategy

The notion that cognitive operations incur costs, and that those costs affect how tasks are
performedis not new to cognitive psychology (see Kool, McGuire, Rosen, & Botvinick, 2010
for a review). Nor is it new to visual sear&elinsky (1996) remarked that the effort required to

guide individual shifts of attention and gaze by visual appeanaray not pay off. Similarly, Vo
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802 and Wolfe(2013)havestated that theontribution of memory to search likely depends on the
803 utility of including it as a source of guidance; if featiw@sed guidance suffices to find a target,
804 memory will not guide searclkn a clever demonstration of the co&nefit approach to

805 guidanceSolmanandKingstone (2014) have recently reported that mensontributes more to
806 searchwhen searching involves effectors that incur a greater energetidrctistir study,

807 memory played a larger role in search when search required movement of the head than
808 movements of the ey@ur results, then, extend the contention that the costs of search affect the
809 degree to which cognitive resources are leveraged iolsdarther demonstrating that guidance
810 of attention imeedbased rather than stereotypelh our searchesnore flexibleguidance was

811 usedand more inferences were made when searching using the hand than the eye.

812 In suggesting that search relies monecognitive resources whémspectioncosts are

813 increased, wasserthat guidance byglobalvisual statisticss a flexible cognitive process

814 Confirmation bias is a case of visual attention being guided to stimuli possessing a specific
815 feature? thosematching a target template. The more effective, minimal search strategy

816 exemplified in Experiments 2 andfls a case of visual attention being guided not by a specific
817 feature (i.e., a particulaoloun), but instead by theatio between features. Seteng the smallest
818 subset cannot be achieved by relying on a parti¢eddure value, but instead requisesinitial

819 comparisorof the size otoloursets. The results of our study suggest that visual attention is
820 morereadilyguided by specific featurgbut that increasing search costs can shift guidence
821 includehigher RUGHU IHDWXUHYV 7KLV LV FRQVdev alsbt Qitkex L WK :ROIH
822 King, & Jiang, 200%finding thatspecifictemplates moreffectivelyguide attention than do

823 generali.e., categorically definedgmplatesWhile the idea that specific templates guide

824  attention more effectively is not new, durding of a confirmation bias in visual searcm@vel
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825 in that the tendency to guide by specific templates cannot be attributed to a difference in

826 specificityof these templatg®.g., the benefit for exemptaased over categorical search

827 temgates) participants simply tended to choose to guide attentitimetoolourthat was framed

828 as the affirmative case of the search instructions. The confirmation bias in visual search is, we
829 Dbelieve, among the strongest exampleatop-down search strategy directed by a factor outside
830 of performance incentives.

831 From an implementation standpoint, one could account for the confirmatiorabias

832 amplification ofthe bottorup salience of Template Matching features in an integrated salience
833 map, with the result being guidance of attention towards stimuli possessingaieiviptching

834 features. In the context of Guided Sémithis has been described as adduofdjteonalweight to

835 the output of the feature channels that code for features matching the target témplfete (

836 2007) Alternatively, in the context of the Targ&tquisition Model (TAM; Zelinsky, 2008), one
837 could consider the template conjunction (e.g., a green P, as in Figureelyised in

838 constructing the target feature vectwhich is then correlated with the available perceptual

839 information across the vialfield. This could account for the reduction in confirmatory

840 searching in Experiment 2, since the correlations across the visual field with the target template
841 (the Target Map, as implemented in TAM) would likely drop as letter formsearevedirom

842 theperiphery in the gazeontingent task. However, we are not aware of any models of search
843 that could account for the results of Experiment 3, given thatritieal differencewvas non

844  visual (the effector used to reveal informatioor) Experiment 4, wherthe temporal dynamics

845 of to-be-searched stimuli affected guidance

846 The temporal dynamics of confirmatory search can have, as we see it, three possible

847 explanationsA purely topdown perspective would suggest ttteg active maintenance of a
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particular hypothesis, or template, in working memory could be the source of bias signals, such
that the active framing of the search task leads to prioritized selectiemplatematching

stimuli (Olivers, Meijer, & Theeuwes, 2006A\n alternative, putg bottomup perspective

would suggest that initial priming from the search instructions, in wherein the template color, but
not the noremplate color, is presented, could produce the measured bias via priming through
selection history (Awh, Belopolsky, &heeuwes, 201Zheeuews, Reimann, & Mortier, 2006;
Krouijne & Meeter, 2016). A third option, which we prefer, is a mixture of both, where top

down attentional sets are automatized through priming mechanisomi(én, Carlisle, &

Reinhart, 2013Wolfe, Bucher, Lee, & Hyle, 2003 In ourinitial study (Rajsic et al., 2015), we
found confirmatory searches both when a single search was perfpemeanplate and when

one template was used for all searches. In addition, we found thegsaifed strategy dinot

relate well to the strategy revealed from search RT analyses. These findings are compatible with
a priming explanation. On the other hand, some recent experiments that we have conducted
suggest that primingat least visual primingtcannot entirelyexplain these search patterns, as
similar searching occurs when instructions are purely linguistic (i.e., participants are asked
whether the target letter is on the red stimulus, without showing a red stifRajsi, Taylor, &
Pratt,acceptell All things considered, a hybrid account, where attentional sets are bootstrapped
asinitial templates are automatized through use, appears most promising. One interesting
implication of this account is thésks like ourswhere no particular attentional set clgdhe

most efficient fotask completion, may produce the largest variety in attentional styles, and
indeed the most pronounced effects of tmsievant factors like instructions and stimulus

salience.
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Returning tahe primary finding of our studyeduction in confirmatory searching with
increased inspection cogisints to the possibility that thigype ofguidancan a given searcls a
balance of the costs of computing guidance and the costs of gathering information, over and
above the nature ofi¢ stimuli being searchebhdeed, search efficiency is affectegmore than
justthestimuli in a displayselection history (Maljkovic & Nakayama, 1994; Wang,
Kristjansson, & Nakayama, 2005), instructions (Sobel & Cave, 2002; Smilek, Enns, Eastwood,
& Merikle, 2006), and the contents of working memory (Olivers, Meijer, & Theeuwes, 2006;
Soto, Hodsoll, Rotchstein, & Humphreys, 2008) all affect guidance in visual sklawleach
of these factors influence search in a given situatiag depend on a cebénefit analysis
betweerthe performance gain afforded Ioyore flexibleguidance, and the time taken to realize
theflexible guidanceHowever, an important issue to be resolved is the flexibility oflsesefit
computations, if they are indeed explicitlglculated. Given that search costs tend to be temporal
in nature, a racenodel approach between guidance computation and implementation would be a
simple heuristic for achieving strategic search guidance (V6 & Wolfe, 2013), and thus represents
a good nulhypothesis for tests of flexibilitydowever, as Experiment 4 shows, the effects of
practice andgtrategy learning complicate this isstreleed research owrisual searclis actively
being extended towards the topic of visual foraging, showing a roleddoraging effector in
selection strategigdohannesson et al., 2Q1balaning between opportunity and priming in
target selectionWolfe, Aizenman, Boettcher, & Cain, 201@ydvariatiors in selfimposed
search path structure when less informaisoavailable in the search environment (Solman &
Kingstone, 2016).

It is worth noting thathe present results do not fit with the notion that working memory

limitationsaloneare responsible for the inefficiecbnfirmatory searcfound in unrestricted
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893 versions of our taskRajsic et al.2015). Acrosshe currenfour experiments, instructions and

894  stimuli remained similar, and we introduceaimanipulations expected to affect working

895 memory availability. Nonethelessearch strategyaried reliably. Ifanything, one would expect
896 that gazeand mouse&ontingent tasks might tax working memory more than a standard visual
897 search tds albeit, not visual working memory (see Roper and Ve@&:3 for an example of

898 how different types of memory load can affeetrch in different waysy et, the ability to

899 efficiently guide attention was improved in these conditidtris.perhaps unusual to find an

900 improvement irstrategywhen additional constraints are placed on the participant; a large body
901 of research suppts the general conclusion that as tasks become more difficult, performance
902 suffers, as difficulg strairs capacitylimited controlled processes (Schiffrin & Schneider, 1977)
903 Relatedly, one might argue that, in light of demonstrations that guidance fsdamgrmemory

904 tends to reduce as more items are remembered (van Moorselar, Theeuwes, & Olivera, 2014),
905 higher working memory load in experiments 2 and 3 reduced terfydatzl guidancallowing

906 attention to be driven more by botteup salience (i.e., thsmaller subset). However, the

907 increasinguse ofinference that accompanied the same manipulations, which would also rely on
908 cognitive processes, contradicts this possibilitgteadwe believe that the primary change

909 induced by the gazeand mouse&oningent search manipulations was not difficulty per se, but
910 the cost of each sample taken from the display in search. This does not make the task more
911 difficult, cognitively, but instead changes the relative payoff of different search strategies

912 With respet to the confirmation bias, our results support a view of the confirmation bias
913 that contextualizes it in terms of performance, not in terms of truth (Friedrich, 1993; Arkes,
914  1991). Decision makers are assumed to have the intention to seek truth araptima&k

915 decisions, but their decisions must satisfy more constraints than the maximization of accuracy. In
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accounting for the presence of biases and heuristics in deosikimg, it is critical to consider

the costs of implementing a given analysis; spentours choosing where to go for dinner is

RQO\ VHQVLEOH LI WKH GLITHUHQFH LQ WKH PHDOVY TXDOLW\
action policy should be judged both in terms of its likelihood of success and its simplicity, and

human decigin making indeed incorporates both of these goals (Meier & Blair, 2012). Our

results demonstrate that the minimizatiorplainningcosts dictates search policy not only in

explicit decisioamaking, but also in visual search policy. This result is perhaps surprising: visual
information is phenomenologidglcharacterized by its immediacy and availability, and so it is

hard to imaginehat it would not be maximally exploited to improve performance. However,

even shifts of gaze come at a castcurred at planning and motor stages, but also in terms of

lost time +and these costs affect the guidance of search (Araujo, Kowler, & P@o), 2
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