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Abstract A seres d four experiments invedigating gaze
behavior anddecsion making in the cotext of wayWiding
is reported. Paticiparnts were presetied with screershots of
chdce poins takenin large virtual ewironments Each
screen$iat depicted aternative pah options. In Experiment
1, participarts hed to decide betweenthemto Wid an dject
hidden in the ervironment. In Experiment 2, participans
were Wst informed alout which path option to take as f
following a guded roue. Subseaertly, they were pre-
sented with the same imagesin rardom oder andhad to
indicate whch path option they chose during initial expo-
sue. In Experiment 1, we demonstrate (1) that participarts
hawe atenderty to chaose the path option that featured the
longer line of sight, ard (2) arobust gaze lhastowardsthe
evenually chosnpah option. In Experimert 2, systemaic
diVerencesin gaze bebvior towards the alternative pga
options beween encding am decaing were dserved
Based m dat from Experimerts 1 ard 2 andtwo contol
experimentsenairing that Wation paterns were eci¢ to
the smtial tasks, we develop a tertative nmodel of gaze
beravior during wayWhding decision making suggesing
that particular attertion was peid to image aeas @picting
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chargesin the local georatry of the ervironmens such as
comers openings, and occlusons Together, the reslts
sugeed that gaze ding a waywwding tasks is directed
toward, and carbe pedicted by, a sibset of environmentl
featuesand ttat gaze kaseVectsare ageneda pherome-
non o visual decision making.

Keywords Visual dtertion - Waywiding - Dedsion
making - Gaze behaior - Spatia cogrition -
Space prception

Intr oduction

Where dowe look when maing though the envionmeri?
In the context d navigation and waywiding, eyetracking
studies hawe primarily invedigated therole of gaze fa the
cortrol of locomotory or deeing belavior. WayWding,
however, als compgises higher level proceses such as
encaling information into ard retrieving it from spatial
memay, pah plaming, and decision makng at chdce
points. So far, very few eye-trackng studies irnvestigated
thee praeses to arswer quedions like: howv does gaze
behavior relate to spatial decsion makng? Isit possible to
predict path chices by aalyzing gaze khavia? And,
which information are atterdedto wheninterpreting spatial
situations and decidng between gth alterratives? This
work constitutesa Wst account to approach thes qlegions

Gaze bebvior andnavigation
Gaze bebvior has been instigated ingudiesthat regiired
paticipantsto move though gace.Graso, Prewg, Iva-

nerko, andBerthoz (1998) demorstratedanticipatoy gaze
behaviour whenwalking along curvedpaths. Sinilar resuts
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also come from geering expgiments whendriving a car
araund a cuve, divers gaze atthe tangnt poirt on the
inside of the curg (Land & Lee, 1994 Land & Tatler,
2001). Moreove, deering peformance gstematicaly
decea®sif gaze iswed (Wilkie & Wam, 2003), and &
biased in the direction of gaze(Readinge, Chatziagros
Cunningham BllthoV, & Cutting, 2002. Gaze bbavior
while moving through space hasalo beeninvedigatedin
taks involving navigation through cluttered spacescon-
taining large olject (Rothkopf, Ballard, & Hayhoe, 2007).
Fixation pattems weke taskspeciV¢, systematcdly diVering
when participantswere aked to approachthe djectsand
whenaked b awid them. Inall thee tudies participants
solved prototypical locanotion taks, such as seering
obstacle aviedance ad aproach, that regire moving
throughthe wald in response tosersory—motor input of the
local surrounding.

Montello (2001) concepually separates navigation
betavior into locomdion and wayWhding. Locanotion
refers 0 navgation belavior in regporse b curent sen-
sory—maor inpu of the immedate suroundngs and &
therefore strongly related to the actof physcaly moving
through pace.WayWiding taks, in cortrad, aim atreach-
ing destinations beyond the curren sensory horizon and
involve ome reresertation of the envronment, decison
making andor planring poceses. Theg praeses,
althowh crucia for succesful waywiding and navigation,
are rot necesarily tied to the act ofphysically moving
throuch ace. Tyjcal waywiding taks are garch,explo-
ration route learing,androute planring. Wiener,Blichner
and Holscher (2009 analyze le level of information
required for diVerent wayWiding tasks and sthow that in
mary ca®s knowledge aboti key choice pints andtheir
connectivity is suwy ciert.

The quesion of how gaze lehavia relates to waywid-
ing-related tasks sich as nemorizing and recalling path
chdces ad movenent decsionsalong aroute, or decding
between path alterratives at junctions when exporing
novel envronmens, hasbeen addresdonly in vely few
studies. Schuchard, Conrell, and GriY ths (2006) cdlected
eyetrackng data with dementia patients revigating the
hallwaysof anursing hane. Thee patierts showed alack
of alility to attend to waywiding-critical cueglike sgnage)
predomnanty focusing on he lower pars of their visual
Veld, presumably concettrating on moiton control issues
(i.e., the locanotioncommnent d navigation). Vembar
etal., 2004 empoyed eye-trackng techmquesto captue
visual attertion while waywding in a virtual reaity (VR)
maze. Theidata analyss is limited to the elative amount
of time spentlooking at the 3D environmern versaisa sip-
plemenary survey mep of the sane envionment. Spiers
and Maguire (2008 preent ee-trackng evidence a taxi
drivers’ patern of visual atention in aVR driving smulation

123

of London Finaly, Allen and Krasic (2003), usng a slde-
show paradigm similar to the ane applied in the presen

study, identiVed diVererce in vsual focus betweenscenes
with high versus low dersity of wayWhding-critical cues

Neither of thee gudies identiVéd how eye moements
relate to decidng between route optiors ard analyzed
which gpeciW¢ geanetric featues of the envirmmen were

attendedwhen doing 0.

The relation between @cison making andgaze behvior
has been studied in nonspeatial contexts, and hasbeen
shown to be closly tied to prefererces €.9., Smion &
Shimojo, 2007, Armel, Beaungl, & Rangel, 2008. Shim-
ojo, Simion, Shimojo, ard Scheier (2008) demondrated
that participarts when asked to selectthe nost atractve
face,display a sable gae biastowardsthe eventuallycho-
sen face inthe lag secand befae reporting the decigon.
The gazecascade nodel statesthat gaze 9 not merely
reXecting preferenceshbut is involved in the brmation of
prefererces Essentially, it suggeds that gaze orientation
towards a stimulus and peferencefor that stimulus are
linkedin a positive feedbak loop. Glalolt and Reingold
(2009 recently exteded thes Whdings by demondgrating
that the gaze biagVect is not pec¢ for prefererce
chdces butcongitutes amore gened phenomaon of
visual decision makng. However, up to now it remans an
open quedion whethe smilar eVectscanal be dserved
in spatial decsion nmeking when cdeciding betveen pét
altematives. Ths question will be appoacted in he curren
study.

Control of visual attention

Currently, it is also unknown which characteistics d the
environment viewers are d@tending to when deciding
between path atnativesin the conext d waywding. The
featues people attendo when ingpectingimagesof scenes
in anon-spatial catext, in contrast, have beeninvestigated
in numerais studies reveaing batom-up as vel as d top-
down inXuerces (for an oerview e Herderson, 2008).
Bottom-up approactes gate that certain features a visial
scere atract attertion ard result in shifts of attertion. The
mog widdy used batom-up approach is that of saliency
mays, represemations of the dimulus cading the strength of
diVerert feaures that are known to be extracied in early
vision swch ascdor, intensity ard orientation (Itti & Koch,
200Q 2001; Parkurst, Law, & Niebur, 2002, Foulsham &
Underwood, 2008). The Contexua Guidance Modd of
attertion (Torralba, Oliva, Caselhano, & Hendersan, 2006
exterds pure batom-up appoachesby acknowledying that
bath context and tak moduate the wlection of image
regons that are atnded to. Generally, top-dovn
approactes focus on tak-related iluenceson gazecon-
trol. Forexample, @ze pattens when inpectingthe ame
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image ystematicall diVer whenjudgng the agsof peope

degicted or when egimating their materialcircumgances
(Yarbus, 1967), andWation patterns diVer when viewers
search br anolject ina £ere orwhen theyare merorizing

that <ere. (Hendeson, Weeks & Hollingworth, 1999

Castelharo, Mack, & Hendeson, 2009). In gereral, top-

down appoactes sate that hmansuse their kowledg

about the warld or the taskat hand to guide their Wations

when inspecting <eneries (Henderson, Malcolm, &

Schand, 2009.

In the contekof a waywiding taskin which participans
hawe to decide between path adrnatives top-down inXu-
enceswould sugged that attetion is direced b stimulus
areagtha conwy information abou the gatial dructure of
the visble space. Thisopers up the intriging qlegion of
whether it is possilde torelate a waywider' s visual attertion
to purely geametrical prgertiesof the defcted space.

Synopss

Two quedions shall be considered in this sudy. (1) how
does gaze bebvior relate to patial decison making? Are
paticipants choiceseXected bygaze biagVecs? (2) How
does control of visual attetion in spatial decison making
relate to stimulus characteistics? k it possble to predct
gaze lghaviaur by analyzig geometric featureof the spa-
tial scene® Quegion 1 s addesgd with two ps/chophysi-
cal experiments in which participarts wee preserted with
imagestaken at choice puats in large, complex \vrtua
mazes each dpicting path alterratives Their tak in
Experimert 1 wasto slect betweenthe alteratives in
order to garch ér an dyjectthatwashidden in the eniron-
mert. In Expeiment 2 pariciparts were instructed abait
which path altemative to choose in an eroding phase. h
the sibsequent deoding phase, trey hadto recall thee
chdces In order toaddess howv gaze behviour relatesto
spatial decision making, we calcuate the likelihood that the
evertually chasen path ogtion is inspectedasa furction of
time.

We thenaddess the giegion of whether gazebetaviour
during wayWhding decsion making can be preidted by
purely geometric featues of the dimuli. First, two control
experiments are pesnted to esure that theWation pa-
terns in Expeimens 1 and 2 were in facttask specivé. We
then relate participarts Wation pattems to quartitative
degriptions d the geonetry of the depcted scenes and
conparethe pedictivepower of diVerent geometcal char-
acterigicsfor therecoded Wation pettems.

Note that the piese study was not designed b invedi-
gate the role of sensori-motor information or of allocertric,
metricallyembedled survey reresertations for navigation
Authors like Zetzshe, Gabraith, Wolter, and Schill (2009

route-level knowledge aboti landmarks and conrecions
between tbm (cf. Siegel & Wite, 1975), are dten aY -
cientfor succesful waywiding (see alsoGillner & Mallot,
1998. For the gven taks this is in line with a taonamic
account recenly pregntedby the athors (Wiener efal.,
2009. The gatic images of waywiding decision paints in
this paper do not provide the participarnts with information
abait the Euclideandistanceor angle between thenap-
shots, as would be olvained fran actial movementthrough
space and asvould be ne@ssary far path integration or
detemining novel routegshortcuts between destinations.
Yet the stimuli do provide information atout the potertial
envronmental sructure keyond the curert view (line of
sight and number of occlusons suygesing further pah
options, cf. Peponis, Wineman, Radid, Kim, & Bafna,
1997 aswell asunique local layout (structural landmarks,
see Stankewicz & Kalia,2007). The current sudy invedi-
gates the inXuence of thes factas on waywhding decision
making. Untargling the impact of sensori-motor informa-
tion ard corect metic knowledge abut relations between
decison pointswill be anissue d future eseach.

Experiment 1
Methods
Participants

Twenty subjects(14 women meanage22458 2.83 yeas)
participatedin the experiment. They were mostly university
students and were pad 8 Euros an hour.

Simuli

The stmuli were 30 screershots from within large virtual
archtectual enviromernts (for examples se Fig.1). Each
saeenshot was taken a adedsion paint, depicting two peth
options. Pild experiments suggested that stmuli as
dedcted in the left ceumn o Fig. 1 could be compre-
herded without manygaze &ifts. This observation s in
line with literature suggesting that a carse interpretation of
a scene can be comped wthout theneed forselective
visual atention (Oliva & Torralba, 2006). However, one
goal of this sudy was the invegigation of which envron-
mertal featuresare cucial for the canprehenson of the
spatial structure of the depicted eres (space pezeption)
andfor wayWhding decsion making. We therefoe mairipu-
latedthe stmuli by selecively adusting the colors of Xoor
and ceiling to that  the walls (compare left and right cal-
umn in Fig. 1) such that the gometryof thedepictedscere
coud notbe compehered withou overt shifts of atten-

argue that weakerepregntaion of ernvironmentssuch as  tion. While this manipulation allowed us to monitor which
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Fig.1 Left columnun-manipu-
lated simuli; right cdumn
manipulated, experimental stim-
uli used for the study; uppe and
and midderowtwo examplesof
decision points presented to par-
ticipants; lower row the Whal
stimulus presented at the end of
ead search, demonstrating that
participants havefoundthe hid-
den item (the gold bar)

envronmental featues participantsaterded toby recad-
ing eyemovements one may arge that asa result of this
manipulation it is unclear if, ard how, Whdings from this
study appl to more naura setings In reallife, fowever,
we alsomake waywiding decisions under bed lightning
conditions and senescover muchlarger potions of the
visual Vld than in our expeirments. Under these corditions
viewess will often not be able to comprehend the stucture
of the scene inasinge darce ally andwill needto shift
attertion overtly. We assume that such attention shifts in
real-wald waywhding will be directedto similar environ
mertal propertiesasin the curent gudy.

For the ske of clarnty, further Vgures will depict the
unmanipilated simuli. Two versons of each smuluswere
gererated by mirroring the otfiginal simulus along the ver-
tical axis. Presemation of the aiginal andthe mirored
stimuli was balancedbetweenparticipans.

123

Smatial analyss  For analysing spatial characteistics o
small-scale enironmentsisovists hawe been siggested as
objectively determinale basc elemets (Beredikt, 1979).
Isovists capure rekvant spatial propeties by descibing the
visible arearfom agiven dservation pant with the ue of
viewshedpolygons. The gatial chaacterigsics of the £enes
in this sudy were analyzedusnga varantof isovist analy-
sis: for eachgimulusa deph prowe was generaed by con-
touring the edje betweenthe Xoor andthe walls(seeFig. 2
right). The height of the resulting contour describes the
geametry of visible gace by the diancesof the vertical
walls from the doserver. Areasin the gimuli in which the
proWe is high relate toare& in spacethatare dstart and
vice wersa. Thisanaly$s wascho®n,becaus (1) the patial
situation is described from the perspectve o the beholder
captuing behavorally relevant popertiesof space(Wiener
etal.,2007;, Franz & Wener,2008); (2) the visual system is
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Fig.2 Left Positioninthemaze
fromwhich oneof the snapshots
was taken. The grey arearepre-
sents theisovist (depth prowe) at
this position; right correpond
ing view in the ego-perspective.
The deph proWe that is approx-
imated by the dashed lineis
functionally equivalent to the
partial isovist dispayed on the
left

Partial
isovist

able to use funcionally eguvalent information (j.e., amgu-

lar declination) for distarce judgments (Ooi, Wu, & He,

20012); (3) recent appaclesin compuatioral vision dem-
onstrate that tlis information canalso be conputed drectly

from theimage, een fa conplex natural oudoa scenes
(Hoiem, Efros, & Hebert, 2007). The deph prowes were

usedto canpae atial propetties d the left ard right path

altemative (left ard right half of the stmulus). Eatier

reearchsuwggess tat line of sight (Conroy Dalton, 2003

andthe local spatial compexity (Wieneretal., 2007) inXu-

ence vigaion and wayWding behavior. Accordingly, we

calcdatedlongest ne of sight for both path altemativesas
well asthe rumber of straight line segmerts toagroximate
their the spatial complexity. In order to verify the complex-

ity measire, 12volunteers unaware 6 theexpeirment and
its hypathess, were aked to rate the smuli accoding to

theircomgexity ona sale fran 1 to 7. Therated conplex-
ity for the dVerent stimuli washighly corelated wih the

total number of straight line segmerts in the depth proWes
(r =0.88 p<.001.

Procedue

Paticipans Wst reada description o the experment dat-
ing that their tak wasto seach for anobject (a goldbar)
that wes placed smewherein the ervironment. They
would be pesnted with a eries of single choice pints
depicting altemative path options sparated by a wal in the
middle of the imageTheir tak wasto decide btweenthe
left ard the right path option. Paticiparts wee given no
informationalout where toWid the target object. listead of
actully walking throughthe ervironment they would then
be peseted with the nextchoice pint that they wold
hawe enounered if acualy navigaing through the env-
ronmert. In order to illustrate this procedure, participarnts
were preentedwith a ®ries of shapdats taken between
two neighbaing choice pints, aswell as an imag of the
target. By preseting staic images the curent study sepa-

Observer position

Semmmm——
TLLLLCLL T
fom - ———
'----

- - - --

are cruial for succesful waywhding from pracesss related
to experiercing contnuousmation and corrblli ng locomo-
tion (cf. Montello, 2001; Wieneretal., 2009).

Before preserting a rovel stimulus, participans VWated a
small cross in the centerof the green and pressed the
'Space' br. In order toindicate their pth cloice, they
pres®d the left or right cursor key. Eachstimulus was pre-
sertedfor 5, irrespective of when participans responded.
In contrast to the instructions participarts receved, their
path chaces (kft or right) at single choice ponts had no
inXuence onthe image pe<ered rext. The imags were
presetted in rardom order. The expeiment was divided
into 5 routescontining 4, 5, 6, 7, ard 8decsions. After the
lag decision, participans were peseried with animage of
a old bar hovering in a small room(see Fg. 1).

Apparatus

The stimuli were displayed at a resolution of 1,024£ 768
pixels ona 20 CRT moritor. The <reen refesh rate was
100Hz. Particpantssat in front of the nmonitor ata distarce
of 60cm, guch that the resilting visual argle d the gimuli

displayed was 37° (horizontally) £ 28° (vettically). Eye

movementwere reorded using a SRResearchlLtd. Eye-
Link Il eyetracker, sanpling pupil position at 00Hz. The

Eyelink Il eyetrackeris a lreadmourted g/stem that does
nat require the participant’s headto be constrained. The

eyeiracker wascalbrated using a 9-mint grid. Fixations

were dWied ugng the deection agorithm suypplied by SR
Research

Andyss
Behavioral data For eachstimulus preented,the rtici-
parts decisons (left/right) as well as the corregponding

reponse time wasrecorded.

Eye meenen daa For each gimulus three interest

rates decsion meking and memory-relatedproceses that  areas, verticdly dividingtheimage into a let part, a cetral
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Fig.3 Exempary Wation pat rg
tern for one of the stimuli. Fixa-
tion censities ae calculated
separately for the horizontal and N
vertical image dimension
c
i<}
I I § §
4 } . S a
i T o =
+ Mg =i g g
.r L}
§
T T T T B
02 003
2 g Fix.Densit
£ 3 . y
c o
a
X 8
L o f T T T T T 1

left

pat, ard a right pat were déMed. The width othe certral
intere$ area wasadjused sich asto cover the central wall
that vared in extengon, the sze ofthe left and the ridt
interes area were idertical. Fixations were asignedto the
diVerent interest areas If not statedotherwise, tre initial
Wations directed towards the cental intere¢ areawere
renoved asthes Wations resultedfrom the requirement to
look at the Wation cros befae stimulusonset

In order tocompake Wation pattems betweenstimuli, a
30£ 30grid was inposed on the gimuli and Wations were
assgned to the carespondng grid-cells. Fixation density
was cakuated eparately or the horizontal and ‘ertical
image dimenson by summing up the number of Wations
along the vetical or hoiizontal grid dimenson. Each enty
of thereaulting two vectorswith 30 enties each wee then
divided by the sun of the erire vecor (e kg.3). Ony
Wations before participarts reported their respornse (Exper-
imens lard 2) ertered this aralysis.

Results
Behavioral data

Paticiparts displayed a snall yet signiVant endency to
choose the right pah option [5407 § 3.70%: t teg againg
charce level 60%): t(19)=2.28, p=.03]. Their terdency
to produce dereotyical resporses was aralyzed for each
route. We evalated which pah option was chosen moe
often ard divided the number of chotesfor this option by
the taal number of responses for that route, resuting in
values between .5 when piipants chee both pah

123

center right

Horizontal Position

options equdly often and 1when they alvays chose the
same path opon. Note, that valesare alwaydarger than
or equalto .5 ard a \alue of exacty .5 is only possible for
routeswith an even nmber ofresponses Chance level for
this measire is .67, the participarts’ value was .66 8 0.02.
In 54.78% of the responseswithin one pute, they switched
from the leftto the light or vice wersa [t ted acping charce
level (50%) : t(19)=1.30, p=.21]. Together, thes analy-
ses suges that paticipants were notuing smple search
strategiessuch asmaking right or left turns only.

In order b andyze which gatia feaures inXuenced pa-
ticipants pah chdces we cakuated te ‘diVerencein the
length of the longed line of sight’ betweenpath altematives
aswell asthe ‘diVerence n the number of vetical graight
line segnents in the depth provle’ betweenpath altematives
for each 8mulus The predctive power of the® meaures
for decisons wasthentested. As the two measireswere cor
reated (r =0.43), a $ep-wise linear regreson for the mea
decsion score wes cakuated including both fadors. DiVer
ence of line of sight signiVéantly predcted mean dedisn
scoes, =0.64,1(29)=4.36,p<.001 and expkined a &-
nivéant poportion of vaiancein mean dcision scores
R?=0.41, F(1,28)=19.04,p <.001. DiVerence of number
of vettical staight line segnens, in cortrast did nat signiwW
canty cortribute © this regresion model = i 0.25
t(29)= | 1.64 p>.1. In a $ep-wise foward and backard
regresion, line d sghtwasincluded andnumber of vettical
straight line ggmentswas excludedin bah caesg, suggest-
ing that the number of veticd staight line segens (i.e.,
complexity) did not contribute to participarts decigons over
an aboe theimpact of line ofsight. On aveage, pdiciparts
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0.7 0.8 0.9
| | |

0.6
|

{ p<.00083

0.5

Likelihood chosen part inspected

0.4

\ \ \ \ T \ \
-20 -15 -1.0 -05 0.0 0.5 1.0

Time to report (sec)

Fig.4 The likelihood that the observer's gazewas directed towards
the chosen pat of the image (left/right) plotted against time (synchro-
nized & time when decision was reported). The black bar indicaes
when the gaze baswas signiVantly diVerert from chancelevel. The
datarepreensthe awerage acossobservers (n = 20) andtrials (n = 30)

cho the pah option feduring the longer Ine of sght in
60% of the cass

Response timesfor the dVerert stimuli ranged between
1,793and2654 ms (mean 2277 ms). Maminally sgniVéant
correlations were oberved between rgsonse times and
bath, the taal number of edges in the depth proWes
(r =0.35, p=.06), and the rated canplexity of the gimuli
(r=0.35 p=.06)

Eye meenen daa

Gaze slifts Afterleaving the certral interest aea, p@rtici-
parts onaverage made B0 Wations, cressng the mid-line
2.14 imes befre reporting their decsion. The Wst 6 Wa-
tions were claracterizedby an increag in eccetricity
(r =0.87, p=.02) suggesing that paticipants scamed he
imagesfrom the ceter to the edes and irspected bah
sides of the imagesefore reporting their decison.

Gaze bas The likelihood that dservers gaze was
directedtowards the eventually choen part of he stimulus
chargedover the time couge of thetrials (see Fig. 4, left).
Approximately 700ms befae pariciparts reported teir
decisims, the likelihood of inspecting the chosen path
option signiV¢antly incresed above charce level, reaching
a maxmum of 82.18% around the time wherdecison was
reported Satidical dgniV¥ance wasissessd byt teg com-
paiisons of gaze lhasagains$ chancelevel (50%)for eachof
60 time points (50 msintervals from 2s befae te reporse
until 1 s after the resporse). In order to correct for multiple
conpaiisons alpha kvel was setatp < 0.00083(Bonferroni

Fixation patterns What parts of the £enedid participants
inspect while makng their cecidons? The right part of
Fig. 5 summarizesWation pattems for the hoizontal and
vertical gimulus location separately. Mo$ noticeablythe
distribution of Wation density along the vertical image
pasition wassharmly tuned just kelow the horizontal cerier
line d the images aml there wasvery little variance inthe
Wation positions along the vertical position betweenstim-
uli. Accordingly, the awerag corelation betweenWWation
densities along the vertical image dmension recaded for
the 3 stiimuli was vely high (r = 0.97). The dstribution of
Wation density along the horizontal image position, in con-
trast,was ether broad and there were caogiderable difer-
encesbetween the tenuli (Fig.5, right). DiVerencesin
Wation pattems between the dVerent seneswere pimar-
ily due todiVerencedn the heizontal dimenson. Further
analysis will therefoe focusonthe haizontal axs.

The aweragedMation dengty alongthe horizontal image
location revealedtwo maxima, left ard right of the vertical
certedine d the images ttat relate tothe two path options
that participarts inspected and compaed while deciding
betveen hem (bp right parel of Fig.5). Figure 6 exemp-
aiily displays the Wation dengties along the horizontal
position for three $ngle stimuli. A qualitative aralysis of
Wation behavior for these stimli suggessthat participants
paid close attetion to the parts o the image in which the
linesof sight were paticularly long (left and mddle exam-
ple in Fig. 6). Furthernore, Wation densties of the right
panel in Fig. 6, in which the longeg lines of sight were
idertical for bath choice alternt@ves suggeds that\Wation
dersity was also modulated byagects of the local patial
complexity.

Taking these qualitative observations into accaunt, a
novel approach relating gaze bhavior to geonetrical prop-
ertiesof the depictedceresis preentedbelow. Predttions
for gaze fehavior will be derived by aralyzing purely geo-
metrical feduresof the sene dpicted.

Discussimn

Which pah option dowe explore when seaching in unfa-
miliar ervironmerts? Paticipants stowed a terdency to
choose the qotion with the longer line o sight. Accad-
ingly, a qulitative amalyss of Wation pattems siggeds
that they paid attertion to areasin the ervironmert that fea-
turedlonglines d dght (see kg. 6; quartitative aralysesof
Wation paterns are eported bebw). This suygests that
paticipants gaze khavia reXectsthe sgniVarce oflong
lines d sight for their path choices. Wil e relatedstrateges
hawe been demmdrated n other ravigaion and roue
selecion gudies(e.g, Golledye,19%; Bailerson, Shum, &
Uttal, 2000; Conroy Dalton, 2003, it remainsurclear why

adjustmert). participarts chose the gotion with the longestline d sight.
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Fig.5 Left Fixation patem for one of the simuli; right Wation den-
sitiesfor al simuli for the harizontal (top) ard verticd (bottom) image
location. Greylines depct Wation densities for the single stmuli (ar-

25% 75% 53%

28] 1
2 o
S B
oo
c
S o
=
g B
i 8]
o T T T T T T T
left center right
Horizontal Location
<
> [}
a |
o
<]
0«
b
s °
=
© -
X
o |
O T T T
bottom center top

Vertical Location

eas urder cuve um upto 1); the black lines reXed the awerage ower
all 30 stimuli

47% 55% 45%

Fig.6 Exempary Wation densities dotted on top of threeof the stimuli: Fixation densities (black lines) are plotted as a function of the horizontal
position in the image. The numbe's relate to the percentages the left or right path option was chasen

A posside explamation is that this path option promises
greater nformation gainwhen traveling along than the
alternative (Zetashe etal., 2009. Howewer, further
researchis neededo investigate ths behavior.

The analgis of gaze behvior revealed a omber of
intereging reallts. First, gaze lghavior reXected the gatial
decsion-making proces: approximately 700ms kefore
observersrepated thér decisons, the likelihood that they
inspected tle eventally cho®n path opion dgniV¢artly
increagd aboe chance lest. While this isin line with ear
lier reeearchon visual decision making (e.g, Shimojo etal.,
2003 Simion & Shimojo, 2007, the resuts for the Wst
time rewaled arobust gaze las eéVed while making way-
Whding decisons This demmdratesgaze biagVectswhen
comparing altemative otions within a sirgle stimulus,
rather than when comparing multiple se@rated stimuli and
therefore pts decison making ard gaze biasin a moe
realigic cantext. Maeower, the esults sugged that qaze
biaseVecs in visual decsion making are raher broadphe-
nomena hat canbe faind in diVerert taks (cf. Glalolt &
Reingold, 2009.

123

Experiment 2

Experiment 1 revealed a reliable age bias in a gatial
seach task in which participants wee free to decide
betweenoptions. In that semse, the task wassimilar to other
visual decisonrmaking taks for which gaze biaseVects
have beenreported (Glaholt & Reingold, 2009). Waywid-
ing, however, oftenreguiresthe recaynition of spatial situa-
tionsercowntered bebre and he encothg and decding of
earler decsionsor mowemens. One prdotypical exampe
is that d route navigation whereby the task is to memorize
and later retrieve movement cdecisons at cloice mints
(Trullier, Wiener Berthoz, & Meyer, 1997). The aim of
Experiment 2 wasto investigate gize bebviour in a tak
that wassought to esemble such roue leaning. Specivé
interes concerred whether gaze lhas eVects can alo be
observed in situations in which participarts wee instructed
abait their choice ether than malkng them andwhen
recalling these erlier choices. Adlitionally, we wee inter-
eded in the envronmental feaures that prticipants
atterded to during ercoding ard retrieval.
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Methads
Participants

Twenty subjects (mean age 2718 2.87 yeas) partici-
patedin the exgrimert. They wee mogly universty stu-
derts ard were paid 8 Euros an tour.

Simuli

The gimuli used inExperiment 2wereidentical tothose of
Experimert 1.

Procedue

Paticipans Wst reada desription of the exgrimentalong
with a set d instructions stating that their task wasto fol-
low andrememier a predwWied pute. Tke expeiment con-
sisted d several outes eachof which wassubdivided into
anencodng phae anda decding pha<e.

In the encaling phaseg participarts were preserted with a
series of imagesdepicting choice pointsPrior to the preen-
tation of ead simulus, paticipant received atext mesage
on the screen nistrucing them b either choos te left or
right path option. They were told to inspect the stmulus ard
pres the mrregpondng buton (left/right cuisor key) as som
as they were cominced thatthey would rememier the
depicted scene ang with the requred respose. Befoe a
nowvel simulus was presented, participants Wated a small

cross in the ceter of the sreen anl presed the Space' bar.

Each §imulus was presened for 5 s irrespetive of when
paticipant regponded. Left andright regpongs during train-
ing were balanced acrospatticipants, roues, and tsmuli.

Each ewodingphase was followed ky adecodng phase
during which participarts were presetied the sane stimuli
theyinspected duiing encaling, but in arandam sequence.
Their task wasto repeatthe path cbicesof the encding
phase.Again, eachstimuluswaspregnted for .

The exgrimentwas dvided nto 5 roues cotaining 4
5, 6, 7, ard 8 decisbns. After the last @&cision, participarts
were presnted wih animageof a gold bar hoering in a
small room to indicate the edh of the bute geeFig. 1).

Analysis
Behavioral data

For eachstimulus preserted, in bah the ercoding phase
andthe decodng phase, paticipants betavioral reponses
(left/right) alongwith the correponding respnse tme was
recaded Correct andncorrectresporses were asesed by
conparing behavor in the encading and te decdling

Eye-m@ement d&a

The analysis of the eye-novement data was idertical to
Experiment1.

Resuts
Behavioral data

Participants corredly recaled the requiredpath option in
83.98% of the trials An ANOVA did not revealamain eVect
of the rumber d decisionsto remenfer (fangng between 4
and 8) on memry peformanceF(4, 76.57 = 0.38,p = .83].
Memay performancein the decothg phase cold neither be
predicted by mesures ofstimulus conplexity [rated com-
plexity (r=j 0.14,p=.45), total nurber of draight line
segmerts in the depth prowes (r= i 0.09,p=.63), nor by
the rated symmetry of the gimuli (r = 0.23, p=.23)].

Responsetimes vere shorér in the encoding phae than in
the demdng phae (1,960 vs. 2,19¢nsttestt(19)= | 2.49,
p =.02). Responsémes duing the demdng phase s dier-
ent for corect and incorred responses (crect 2,116ms;
incorred: 2,693ms; t test t(18)=4.50, p<.001,0ne pdici-
pantwas removedfrom this analysis ashesheprovided @rred
ansvers orny).

Eye moementdata
Gazeshifts

Theaverag@ rumbe of gaz shifts betweenthe threeinter-
ed areas (left, midde, and rght pat of the imae) was
smaller in theencaling than inthe decodingphase (1.96vs.
260: tted t(19)= j 3.46, p<.01). Furthermae, duing
decaling participars shifted gazemoreoften duiing incor-
rect han duing corecttrials (carect: 2.46; incorect: 3.49,
tted t(19)= j 3.45,p<.01).

After leavng the certral interest area, paticipants
made 5.44Nations—erosdng the mid-line 1.43 itmes in
the encodng phase; and 6.26\Wations—crossihg the
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mid-line 1.91times in the dewding phase before repert 622

ing their decsions TheWst 6 Wations after leaving the
certral interest areawerecharaderized by an ncrea® in
ecantricity in both the encodng phase (r = 0.82,p = .05)
and he decodng phase (=0.89, p=.02). Asin Expei-
ment 1, the results sugged that participantsscanned the
images from the center to the edges,inspeding boh
sides.

Gaze bas

In both expermentl phags, participants displayed a

phase. signiWant @ze biastowards the cheen path option
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Fig.7 The likelihood that the observer’'s gazewas directed towards
the chosen pat of the image (left/right) plotted against time (synchro-
nized attime whendedsionwas reported). The solid black bar andthe
dashed black bar indicate whenthe gaebiasin the correspondng @n-
ditions was sgniWwantly diVerert from charnce level. The combinec
dashedkolid bar indicates when he gazebias eVeds diVered sgniW
cantly between the ercodng ard the decoding phase The dat repre-
sent the aerage agossobservers (n = 20) and trials (n = 30)

(seeFig. 7). The temporal dynamics of this biag however,
was dVerent: in the encodng phase a sgniVdant biaswas
observed afer 1,9D0ms, i.e. immedately after simulus
onset(aveege reporse tme 1,947 ms). This bias remained
stable over the erire tial, even after the response was
made. In the decaling phase m@rticipants initially distrib-
uted their gaze eenly acpss the two alternative pah
options. A signiVdantgazebiaswasobserved only 350ms
before the lesponse, reachingits maximun araundthetime
of reporse and decaying afterwads A compaison
beweenerncoding and eécoding phag reveaéd signiVéant
diVerencesin gazebiasbah befae and after the rpsnse
was reported (between 1,450 ard 500ms before, and
800ms after thereporse wasrepated; ®e Fig.7). Statisti-
cal sgniVance wassessd by t ted comparisons of gaze
bias[betweencorditions or agairst chance level $0%)] for
each 6 60 time points (50 ms intervals from 2s before the
response wtil 1 s afterthe resporse). In order to carrectfor
multiple camparisons, alpha wasset atp < .00083 (Bonfer-
roni adustmert).

In addtion, we compared gaze biaseVects between
experimens (Experiment1, Expeliment 2 encoéhg, Exper-
iment 2 decoihg). An ANOVA revealeda sgniV¢ant man
eVect d experimen (F(2,57)=11.83, p<.001). Overal,
the gaze biasVectwas stronges in the encaling phase of
Experimert 2 (average bias over the 3 s petiod: .72),

Experiment?2 (.59). Pairwis comparisons revealed gniW-
cant dVerencedetweenall expermentsand condions.

Fixation patterns

Fixation petterns in the encothg pha® and decaling
phase, aswell asbetween Egerimen 1 andExperiment 2
were strikingly similar. Figure 8 syperimposesVation den-
sities along the harizontal dimension for four of the simuli.
The averag corelation betweenthe encadling and tle
decaling phase in Expeiment 2 wasr = .92 for the vertical
pasition ard r = 0.81 for the horizontal position. The awer-
age corelation between Exgriment1 and encding phas
of Experiment2 was r = 0.80 (vertical) andr = 0.78 (hori-
zontal). The aveage corelation betweerExpetiment 1 and
the decdling phase of Expeiment2 was r = 0.86 (verticd)
andr =0.76 (horizontal). The® results demondrate that,
indepencent of the gecV¥ tasks and degite clear difer-
encesin the time carse of gaze biasvisual atention was
directedtowards the same areasn theimages

Discussim

Perfamance in the rae learring tak wasvery good Par-
ticipants correctly recaled the required path chae in
almog 84% of thecass There waso signiViant &/ect of
route length which wasunexpected, asworking menory
load increa®s with more decision paints to remember. A
posside explanation is aXoor eéVect—i.e. evenwith 8 deci-
sions the memory task itself wasfairly simple. While per-
formance m the decoding pha® codd not be pedicted by
stimulus propetties such ascomplexity (number of vertical
straight line segnent in depth proWe or rated complexity)
or symmetry, response timeswere correlatedwith memory
pefformance. Resporse timesin the decodingphase wee
shotter for correct trialsard the nunberof gaze sifts in the
decaling phase was sgniVartly higher for incorrecttrials.
Most likely, these eVects reXectparticipants’ uncettainty in
incorrect tials.

In addition to these performance-related eVeds, task-
related inXuences on gae behavior were obseved. The
gazebiastowards the chosen path option had a dVerent
temporal dynamic during ercoding ard decaling. Gaze
bias eVeds did diVer between al conditions in Experi-
ments 1 ard 2. For example, the gaze bias eVect wa
stronger in Experiment 1 in which decisions were
informed by evaluation of the path altematives than in
the decoding phaseof Experiment 2 in which decisions
were informed by memory retrieval. The temporal
dynamic of the gaze bias eVed also diVered between the
encoding and decoding phase of Experiment 2. During
encaling, a signiant bias was observed immediately

followed by Exgriment1 (.6) and he decadling phase of after simulus orset During decoding, however, a
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signiwant bias was obseved only 350ms before
respondng. In the context of waywhding reseach, the
ealy gazebias during the ercoding phase suggests that
participants focused on the acual path when leaming a
guided route, rather than memorizing the erire scae
and ataching directiond information. The diVerences in
gazebias betweenencaling and decoding phase stand in
contrast to eaftier Widings denonstrating similar scan-
paths whenencoding and later memorizing visud scenes
(Humphrey & Underwood, 2008). The fact that partici-
pants in this study were not engaged in sdving spatial
tasks, but merely memorizing images, swggeststhat the
spatial nature of the tasks in current study did in faad
result in spedW inXuenceson gazebehavior.

The analys of Wation pattemsreveakd vey corsistent
patterrs betweenthe encothg and he decaling phase in
Experiment 2: the Wation densities along both, the hori-
zortal andthe \ertical image dimersion were stongly cor-
related This is suprising at Wst glance, as tak-related
diVerencesin the time carse of the gaze tas have been
observed (see alove). It can however, be explainedby the
fact that the left/right responses were balanced acros stim-
uli: 50% of the participarts had to choose the left path
option of a particular stimulus, thus focusing primarily on
that sice during ercoding; the remaining participants had to
choacse the other pah option. Fixation patterns were aso
strondy corelaied tetweenExperiment1 and Exeriment
2. While the tak-relatedinXuencesare evignt primaily in
the tempeal characterigcs of the gazebias the smilarity
in Waton paterns betveen experimerts and coditions
suggeds that the image areggarticiparts atterded to most
convey spatial information crucial to sdving waywhding

Horizontal Position

Experiment 3: free-viewing control
Motivation ard procedure

Before anayzing in more dedil which envionmenal fea-
turescaptred viswal atention in Expetiments 1 aml 2, i is

important to demonstrate that the ecorded VWation paterns

were, in fact, pecM¢ tothe spatialtasks. Toinvestigate ths

quedion afree-vewing cortrol expeirment wascaried ou.

Sixteen participarts were shown the sane 30 simuli used
in Experiments 1 and2 for 5 seach ad their eye nove-
merts wererecoded. Particpantswere rot given aspeciv¢

tak otherthan ingpecting tke pictures they were bown
(free-viewingtak). Eye-mowement dita were analyed as
de<ribedin Experiment 1 (e kg. 3), ard Wation densi-

ties abng the haizont@l dimenson were compmared ©

Experimens 1 and 2 In a stucturedbut openencded nter-

view after the exgriment, participats were aked what
they were thinking wheninspecting the stirmuli. While sich

subjective repas are ®metimes corsidered uneliable,

recent work demandratesthatindividual fMRI time series
and eyetracking data recoded duig waywding exper-

merts closely matched evens from retrospective verhl

reports (Spiers& Maguire, 2006, 2007). This suggests hat

in the comext of wayWiding, vebal repats can povide

importart and reliable information alout the tasls that par-

ticiparts ae ergaged in.

Resuts ard discussian

As in Experimens 1 and2 Wations were sharply tuned
along the vetical dimersion to an agea st below the hoi-

dedsion tasks. zon, but vared condderally along the forizontal image
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location Average corelaions for Wation dendties along
the torizontal dimension for the 3 gtimuli between the
control experimentand Experimerts 1 ard 2 werer =0.74
denongrating that the imagareasinspectedin this free-
viewing condition were again smilar to those in Experi-
ments 1ard 2. As participants were not instructed to solve
waywding decison-making taslks this suggeds that the
Wation paternsrecoded in Experiments 1ard 2 were rot
speciV¢ to the smtial taks. An aralysis of the interviews
after the expeimens, however, oVersan alternative exp-
nation: 11 out of the 16 participarts reported that they felt
asif being in a mazewhen inspecting the 8muli. More
importartly, 14 participants explicitly reported that they
lookedfor path options ard though about how to navigate
if they were actually given the chance 6 move (for exam-
plesof responses seeAppendix). In other words, 875% of
the participants reported that they were spontaneously
enggged in path choice asks: they aralyzed he spatial
scene, inpectedand conparedthe available @h ogions.
This is most likely due to the reture of the stmuli that
aVord a correspondng interpretation. Paticiparts spnta
neausly assgn a pupose ard implicit task to the gimulus
materials. Thes additiona interpretations canhardly be
conceptualized as bw-level data-driven attertional pro-
ceses, but rather appearto reXect hidh-level cogritive
strategiesthat puposefully gude eyemovements

Experiment 4: free-viewing vertical control
Motivation ard procedure

In Expeiment 3, we deamonstrated high corelations
betweenthe Wation paterns of Experimerts 1 ard 2 in
which participarts sdved spatial tasls ard the freeviewing
condition of Expeiment 3. While pariciparnts’ retrogpec-
tive reports suggest that they were ergaged in spatial deci-
sion me&king in Experiment3 evenwithout being instructed
to do so analtemative explanation is that Wwation pettems
of Experiments 1,2, and 3 were primarily driven by low-
level image featuresand werenot speci¢ to the spatial
tasks at all. In order to distinguish betweenthes eplana-
tions we rotatedthe images ty 90° in Experiment 4. This
manipulation makes it lesslikely that participarts interpret
the images asspatial stuations ard shoud thus prevent
them from spntareousy engagng in wayWiding tasks. At
the same timethe bagc imagefeaturesarenot inXuenced
by the maipulation. If participants gaze kehaviaur was
primaiily driven by low-level image feaures we expect
similar Wation paterns asin Experimerts 1 and 2 rotated
by 9C°. If, however, the Wation pattems in Experimerts 1
and2 were peci¢ to the patial taks, we expect a obar
reduction of correlation betveen Wation pattems of
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Experimens 1 ard 2 and ho in this contol experimert.
18 participarts wee shown the same 30 stimuli used in
Experimentsl ard 2 for 5 seach andheir eye mowements
were recoded As in the Wst control experiment partici-
parts were notgiven a spec¢ tak other than inspecting
the pictuesthey were kown (fee-vewing task). For the
analysis, eyemovement cita wasWst rotated back by 90°
andthenanalyzedasdescribed n Experiment1.

Resuts ard discussin

Average corelaions for Wation densities abng the hori-
zortal image dinenson forthe 30 simuli betveenExpeli-
mernt 4 and Epeiiments 1and 2were r = 0.27. This is a
signi¢ant redction as compaed D the correlation
betweenation paterns of Expeiment3 andExpeimens
1 ard 2 and[r =0.74 vs r =0.27; Z=2.48; p= .01 (wo-
tailed)]. These resuts demonstrate hat rotating the experi-
mental stimuli by 90° inXuencedgaze khavior, irregec-
tive of the fact tlat the local image éatureswere no
manipulated strondy suggeging that the Wation paterns
of Expermens 1 and2 donot solely result from low-level
image featuzsbu were infact specV¢ to the sptial tasls
that reqiired analyziry the spatial scene @picted.

WayWding decision makin g and gaze behavior

While the carse goatial layou of a £enecan ke computed
without the reed forselective visial atertion (e.g, Oliva&
Torralba, 2001, 2006), it remains an opn qweston upon
which envirmmenal featuressuch comptation may rely.
Or, in the cantext of this research which featuresof arch-
tectural ewmironments are being piocesed duing space
percepton andwayWhding decision making? The gimuli
used here are particularly suited to appoachthese ques
tionssince hey predomnanty depict spatial—i.e. geonet-
rica—informaion. Morewer, due © the image
manipulation the sliency of image aeas @picting more
distant pars of the envionmerts, including openings and
further pah optons, was seécively redwed. Fkations
towards thee areasare theefore wlikely to resut from
stimulus properties such assdliency. Rather thes areas
were inpected becawshey mnwey information crucal for
conprelending the gatial situation and eciding between
path altematives If that was true it shoud be possble to
predict he gaze bedvior remrded in Experiments1 and 2
by analying purely geametrical poperties of the <enes
inspected.

Image sliercy (Salency Toolbox: Walther & Koch,
2006 did, in fact, corelate aly wealky with Wation den-
sity: similar to the amalysis presertedin Experiment 1, the
sdliercies for the forizontal and \ertical dimenson were
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Depth profil
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Horizontal Location

right left

Geometry Change Detector

center
Horizontal Location

Empirical data

Fixation Density

v

right  left

v

center right
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Fig.9 Predictions for Wkation densities of the two predictors (a Depth proWe, b geometry changedetecior) for an exenplary stimulus and the

corresponding enpiricd daa (c)

calculated gparately for eachstimulus ard were thercorre-
latedwith the recorded Wkation densities. The awerage ca-

relation (after Fisher Z trarsformation) between the

sdliercy ard the torizontal Vwation dendty wasr = j 0.17

and r=0.14 for the wertical location, suggeding that
sdiercy dd na ceture the image popertiesthat giided
visual atterion in this particular setthg. This, however,

was not too aurprising as sliency mays were desgned for
conplex returalistic scenes Here, in cortrast, we sed
saeeshots d very simplistic VR scereriesthat lackspe-

ciW olject. Furthemore, by maipulatng the images we

renovedsome stimulus feaures hat salency mapsare par-
ticulady sensitive tg swh as tle high-contrad edyes
betweernwalls andceiling/Xoor.

What image areaslid the grticiparts inspect when mak-
ing waywding decisions in the curert setting? A qualita-
tive analyss of gazedistributions suggeds that marticipants
were mostly atterding to stimulus areas that allowed for
long lines d sight (seeFig. 6). Given the wayWiding deck
sionmaking tak in the experiments this appeass to be a
senghle viewing drategy, smply becaus the® areas
defct the availabe path options There is, however,
andher expanation: ratherthan merely pracesing image
areasdepcting mae dstant rts of the environment,
observers attend to aras feauring changs in the local
geametry asgeneated by occlusions, openngs ard further
path options. Architectural theary suggeds that these gtruc-
tural elementsare d particular impatance forwaywhding
as hey promise toreveal novel information about the ervi-
ronmern (Pepots etal., 1997). In order to distinguish
betweenthese alemativeswe developed quartitative mea-
sures that extract theaccordng information directly fron
the stimuli. The Wst measre—the deph proNe—codes
egocertric distarce irformation from the beholder to the
suroundng walls, thus directly capuring the lergth of the
lines d sight in diVerent image ared$-ig. 2). The £cond
measire—the geonetry change detcor—idertiVesimage

areasat which the loal geomety of the depcted space
charges therebre hidnlighting areas vith wall bounchries
openings andfurtherpath options The pedictive pover of
thee two basc geometrical atuesfor gaze bebvior are
investigatedby corelating them tothe caze dstributions
measiredin Experimens 1 and 2. Wéocuson Wation dis-
tributions alongthe torizontal imagedimenson, asWation
probabilities alang the wertical dmension hardly varied
betweenstimuli (Fig. 5).

Depth proAe

Foreach ¢ the 30gtimuli the depth proWeswere extracted
(see ‘Methods’ and Fig. 2). Informaion abou which pars
of the visual scene dlow for long lines of sight is direcly
coced in the heght or elevaton of the deph prowWe. In
order to arive predictionsfor paticipans gaze disibu-
tion, the reslution of the depth proWe was reducedfrom
1,024 haizontal bins (the imageswere 1,24 £ 768 pixel)
to 30 hotizontal bins by awragng the heght of the deph
prowe ower theregective birs (see Fig.9a).

Geomety charges

Positions atwhich the geonetry changs locally are cap-
tured by orientaton changes in the depth prowe (see
Fig. 9). Image areadeatuing many geometry charges
mark locations with high spatial information density.* Note
that rot the point atwhich the aientation charges itself but
this point together with its cantext—i.e. the immediate su-
roundng—carries information abou how the gometry
charges. Herte, a Gawssin kernel (with a helf-amplitude
width o =1.6 bins, réating b 2° visualangk) wes appied
to the individual geometry changes. This half-amplitude

1The 2D-detedor desaibed by Zetzsche ard Batth (1990) would high-

light smilar areas.
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width waschosen asit roughly correpondsto the area of
foveal acuitythus captuing the local gemetry that coud
bepercevedwithou further eye mowemens.?

As paticipants Wation paterns vere highly corsistent
betveen Expeiments 1 and 2, empcd dagwere pooéd. The
aveaagecordation overal 30 stmuli betveen the predictions
(depth proNe, geongtry change) and the empiicd dat (cor-
relation coeY cient were Fisher's Z trangormed for aveag-
ing) wes r =0.48 for the deph prowe andr =0.64 for the
geondry change detdor. Gven hat eatier studes repoted
strong cetra Wation basesndepedent of viewing tesk and
image fetures(e.g., Tder, 2007, we addel ecertricity asa
predictor. We then Wited a mixed &/ects modelin R, ushg the
Imer fundion in he Ime4 pazkage (Bates 2005, with the log
odds ofwation prokability in ead hoiizortal bin as depesfent
vaiiable, and vith deph proNe, geometry changes, and een-
tricity (sguared disance from cerner) as Wed fadors. Stimulus
was used arandomfactor. Removng random sbpes ves jus-
tived (X%(2)< 1, ns.).All Wed fadors were signVéant (al
ts>10). Not surprisingly, eccertricity turned outto be the
strongest predictor (cf. Tatler, 2007, followed by geometry
change and deth pro/fe (eccertricity: etimate j .006 dan-
dad error .0003,t= j 20.38; geonetry change detedor:
estmae=13.37,sandad aror=0.72,t=18.61; deph pro-
We: estmate = 11.20,dardard error=1.01,t = 11.15).

Taken bgether thes reallts demmdrate that simple
analyses of geometrical featuss allow predcting Wation
patterrs during ace percejpon and waywiding decision
making for the stimuli in this study. Together with resuts
from Expeliment 4, this coroboraies the notion that the
gazebelavior in Experimernts 1 ard 2 is the result of the
spatial reture of the waywiding dedsion tasks and that it
relatesto the analyss of the geomety and thecompaison
of path altematives. Maeover, the resuts sugged that par-
ticipantswere attendng image areaslepicting clangesin
the local gometrymore than imag areasllowing for long
lines of sight. These clangesare not only related to plain
comers but also to occlusons openings ard further path
options which have to be ispected and congred when
making wayWhding decsions(cf. Peponiset al, 1997). Fur-
ther studes inour lab will addressto what extert these
resuts generalize to waywhding dedsion-making tasks that
are peented with ricler ard more complex naturalistic
scenes

General disaussion

The overall aim of this study wasto investigatethe relation
of gaze betvior and ecidon makirg in the catext of

2 Shape information can be peceived even parafoveally. Therebre the
small anplitude width can be considered consevative.
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waywiding. In two experimerts, participans were pre-
sented with imagesof chdce points disgaying two pah
options andwere eitheraked to cecide letweenthem in
order to garch fo an olject that washidden in the eniron-
mert (Experimentl), orthey were mnstructed hav to decie
at each dcison pant andwere later aked to repioduce
these decsions (Expeiiment2). While the Wst task saught
to resemble a ®archor exdorationtask in anovel envron-
ment, the lattertask sough to resemble a oute leaning
tak, in which a navigator is Wst led abng a roue andis
later aged to recallthe mth chdcesat diVerert brarching
points. Both experimentsreveakd reliable gize biagVects
towards the closen path option. In addition, the Wation
paterns were very similar betveen expéments, suggesing
that paticipantsingpectedthe same envirommertal featres
while choosing betweenpath options. In two control exper-
imerts we ersured that the Wation paterns receoded in
Experiments 1ard 2 werein factdrivenby the smtial tasls
andna by aherlow-level image featires

The gaze laseVects doserved in Expermens 1 and 2
extend exlier resuts on veua decision maing in non-spéa
domains (eg., Shmojo etal., 2003) ard demorstrate that
gaze behawor reXects satial decison making also in the
context of waywding. While the exprimens were nd
desgndl to invegigate whethemgazebias merely reXects
decsions or is also inXuencing them (cf gazeeasack
model, Shmojo etal., 200B), the resilts provide additional
evidence for the ntbon that gaze bias eVects constitute a
rather general gienanmenan of decison making that ae
found in diVerert tasks (Glaholt & Reingald, 2009. The
time caurse of the gaze biagVeds in the experimentswas
modulated by theak. For examfe, in the encoding phase
of Expeiment 1, we oberved a srong gaze bas directy
after gimulus onet that remained $able even afteraptici-
parts respnded. Inthe decothg phas of Experment2, in
cortrag, a sgniVant gaze ias eVect was observed much
later, only 350 ms before the participarts responced The
diVerercesin gaze has ketweenconditions of Experiment
2 are irteresting asthey ae in contras to recen work
reporting Smilar scanpatts between ecoding ard decod-
ing of natural scenes(Humphrey & Underwood, 2008,
Foulsham & Underwood, 2008. Participars in thesestud-
ies, however, were not sdving spatial taks but were only
instructedto memaize thesceres

The tak-related modulation of the gaze bas stongly sug
geds thatthe analysis of gaze Bhaviowr can ke a pomisng
means a reved novelinsights into the information praess
ing urdetying speeiV¢ waywiding tasks. Thereis, for exam-
ple, a broad cosersus tat rout knowedge can be
corcepualized as a seguce of gimulus-repon pairs or
reagntion-tiggered espongs (e.g., Trulier etal, 1997
Kuipers, 2000, Mallot & Gillner, 2000. It is, however,an
open gedion which information exadly is menorized b
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1035 remgnize the doice pointsalong the route. A the curent
1036 virtual environments were ladking any obgds that could
1037 have served asridmarks, pdicipants had to rely on geo-
1038 metrical information. Qne posihility is that they mermrized
1039 the choice paits by encodhg the entre simulus or spdial
1040 situaton (cf. snaghotlike menories, Camvright & Collett,
1041 19&; Gillner,Weiss & Mallot, 20M8); a secad posibility is
1042 that paticipant primarily focused on e pah option belong
1043 ing o the actialroute. In he encothg phas of Experimentl
1044 we ob®rved a stong gazebiastowards the pah opton that
1045 had tobe chasendirecly after stimulus onset. This suggedss
1046 that rather than menorizing the entire &ene andatacling
1047 diredional information, paticipants menorized he visual
1048 appeaance of lhe actial pat option they had ¢ choose. Tis
1049 encodng grategy daes not requre te expicit encodng of
1050 diredional information ard is similar to a bea®n strategy in
1051 which the navigator moves owards arecognized landmerk
1052 (Waller & Lippa,2007).

1053  Which informaion is depicted in the image areashat
1054 captred visual attention in Experimens 1 ard 2? Bhav-
1055 ioral results o Experiment 1 as vell as quditative aralyses
1056 of Wation pattems in both experiments suggestedthat local
1057 geametric featuressuch asthe line of gght and chagesin
1058 the gemety had an nXuence a what peope did and
1059 whete they loked. We therfore amlyzed tle geonetry of
1060 the <eres ard related it to participarts’ Wation péterns.
1061 Inspired by isovist aralyss (Benedik, 1979, the visible
1062 geametry of the sceneswas deribed by deph prowes
1063 from which als salient geometrical featuresvere derived.
1064 Specidally, the areasn the deph proWe that carespondto
1065 local geometry charmges were dtected This geometry
1066 charge cetector highlights sructuressuch ascomers open-
1067 ings, andocclusions and had astrong predictive power for
1068 where people were loking when ingecting tke two-
1069 dimersional projecions of three-dmensional compkx
1070 architectual indoor scenes The® reslits are in line with
1071 architectual theay emplaszing the cucial role of these
1072 structural elementgor waywding (Pepais etal., 1997). In
1073 real-wald waywiding, both geometric s$ructure featires
1074 andobject and landmak feature interact b inform spatial
1075 decison makirg. Recently Franlkengein, Bichner, Ten-
1076 brink, and Holscher @010 denondrated the impmct of
1077 sematicaly rich landnarks alongsde geometric inbrma-
1078 tion. Current reseach in our labs addres®s how well the
1079 current resuts generalize to visual atterion in more com-
1080 plex natugl sceres

1081 It is nateworthy that resilts of Experimert 1 reveaéd
1082 how the line of sght wasa gronger predctor for partici-
1083 parts’ movamnent decsions than the number of vertical
1084 straight lines in the deph prowes For gaze behasur,
1085 however,changesin the local geametry (points betweenthe
1086 straight line ssgmerts inthe depth prowWe) were astronger

the line of dght). In other words, geomety chames are
good predictors for Wation paterns but wealer predctors
for movement ccisions, while line d sght is a good pre-
dictor for decisons but a weakeipredctor for ation pat-
tems. (oncertrating future reseach on this double
dissociation could further inform owr underganding o the
intricate relatiorbetweergaze lehaviou ard decisions.

Which part of the scee did pariciparts atend to when
inspecting the stmuli and while ceciding betweenaltema-
tive pah options (Experimert 1) or while encaling or
decaling pah choices(Expetiment 2)? Forall stimuli, Wa-
tionswere narravly tuned abng the vertcal axis, i.e. view-
ers focused their attertion arownd the lorizon. This is a
senshle viewing srategyin architectual indoa spacesin
which the area aroud the lorizon—asoppased to the Xoor
andthe ceilhg—providesmog informationabou the local
geametry. Such a vewing strategy suggeds that artici-
pants were nat merely respording to areas with high visual
complexity or saliency, but were actuwlly interpreting the
threedimersional structure é the sereriesdepcted. This
is further corroborated by a comprison of the sliency of
the 30 stimuli with the act@a Wation densities. Fixation
densities along the horizontal axs systenaticaly diVered
betweenstimuli, suggesting that participarts directedtheir
attertion to speciV¢ areasn the envronment. At the same
time, participarnts’ Wations pattems were similar between
Experiment 1, 2 aad 3 In other words participants
inspectedthe @me aeas irregective d the peci¢ atial
tak. A likely explanation for this is that theg imageareas
are cucial for the canprehension and interpretation of the
geametry ofthe depicted pace.This is furthercorroborated
by Experiment 4 in which participarts viewed the same
scenesbut rotated by 90. These imagescould nd be as
eadly decodedasdepicting spatial £enesard accordngly,
Wation paterns dd nd closdy math those of Expeii-
merts 1 and2.

Taken bgeter, the expeimens in this paper shiow that
gaze behawr is directedtowards environmental £atres
that fave teen siggeged as decisve for gpatial leaning
anddecsion making in navigaionrelated tasks. The aten-
tional patters are gided oth by feauresof the envron-
mert and by properties of the task at hand be it route
leaming or spatial exploration. It is animportart issue for
spatial cognition reseach to untangle how ervironmertal
information, spatial ahlities and cognitive stategies con-
tribute to eVecive human ravigation belavior. The paper
undergores that spatial attention measired viagaze lghav-
ior andWation ptterns connectsenvronmental featuesto
spatial decisiln making. Owerall, the results of this work
sugeed that the integrated analyis of navigdion decision
betavior ard gazebehavor canplay akey role in the inves-
tigaton of he informaton pracessng andthe cogitive

1087 predictor than the deph proWe itself (coding the length of  strategiesunderlying human wayWiding.
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Appendix
Control Expaimentl: stucturedinterviews

Excempts of participants’ arswess in the interviews after the
control experiments are rgorted below. Spedi¢ally, the
interviewer aked participarts what they though while
inspecting the imagesin the control experiments. Hee parts
were selectedthat relate to the rotion that participants
sportaneotsly engagd in awayWhding task.

Participart 1: | noticed the possile routes awl paths
that caild have beentaken if | was inthe ervironmert.
| focused on exdoring the® rautes as this had more
relevance am was ¢ higher interest than the ceiling
and walls.

Participant 2: Whereis theway out?

Participant 3: Looled at t asa Labyrinth and thaght
abou which way Iwould go/proceed tomd ny way. |
was looking for ways ou.

Participant 4: | was lmking for doas, exts. It
reminded me of diplays of musums where ya walk
arownd. How would | walk around to look at the dis-
playsthat would be onthe walls

Paticipant 5: | looked for opeings, Ike a clkear pah. It
reminded me on phying compugr games wen | was
growing up egehootr. | was looking asf | was ingdethe
room, it seened ke amaz, | waslooking fora dea pah
Participant6: It reminded me ofa maze. | wasooking
for exitsandentrancessort of pathgways to mowe on
Participart 7: | mentally walked throughthe caridors,
thowght alout how to go m

Participart 8: First | atendedto the certer of the room,
then llooked aourd

Participant 9 It was some kind of maze—\W\d your
way—remembr where lam—I tried to emember
what wasthe cawWguration of walls. e looked what
the cowguration of wallslookslike!

Participant 10: | was looking how to go. It looked like
you have 6 Wid your way in thelabyrinth. | looked for
waysto get aroad the obsacle in the midi! | ana-
lyzed the pattern of thiplace, | imaginedtandirg in
the lalbyrinth ard though about how to move in it.
Where isthe fare$ pantsin space?

Participant 11: | waslooking for gacesto walk down/
it was like amaze, | ealized there were two pah

Participant 12: | was looking for ways out. It reminded
meof amaz, in a maze look ateverything, | looked
for the layou. Thee were always two path cloicesin
front ard then more distart onesl inspectedthedistart
pat options thinking abait where | was gonna @.
Participant 13 | felt like | wasin a maze, it loked
familiar. When | saw there was agap in the wall |
wanted tosee what washee. Thee were wallsand
spacesard | warted to e behid them.l codd hawe
gore in diVerent gaces

Participarnt 14: At Wst | was laoking at the walls, tken|
thowghtif | wasin thatscere bow would | eape | was
looking for which way lookedsakst Therewere diver-
enceshetween rigt andleft sde.l wasseeingit asif it
was a maze, bwhich I was in the midlle anddeciding
which way to go

Participart 15: (translated from Geman) | Wated the
points that were futhed away—if somebody came
arownd the coner here, | wauld deect that immed-
atdy. When something was directly ahead of me, |
looked atthe wall and grveyed the srrourdings. This
looked like a maz, checked how somebaly might
come into the rom, rot how | codd exae [seni-
professonal gamer 300 days of gamingin 4 yearg.
Participart 16: | lookedmainly at the ertrances/exs, it
felt like a maze | waslooking for my way out.
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