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Abstract
The relative magnitudef an even{number magnitudejan have direct implications on timing
judgments Previous studies have found tlegemagnitudenumbersareperceivedo have
longer duratiosthanthose ofsmaller numbetsThis bias carbe accounted for in several ways;
first, theinternal clock model theorizes that stimulus magnitudectly interacts with the
components of dedicatedccognitive timerby increasingpacemakespeedAnother explanation
posts thatdifferent quantitative dimensionsgace, timesize, intensityandnumber) areall
represented withia commorcortical metrc thus facilitatinginteractions within and across
dimensionsl have expaned on this frameworkby proposng that perceivedlurationis inferred
usingflexibly appliedrules of thumbgheuristic3 in which information fromamore accessible
dimension(e.g, number magnitude$ substitutedor duration Three paradigms wereedto
test thistheory First, commonalities in how thitervalsseparatingliscrete stimuli of different
magnitudesvere judgedvas examinedcross a variety of quantitative dimesrss(number, size,
andcoloursaturation. Perceivedduration judgments increased systematically as the magnitude
difference betweethe stimuliincreased. This finding was robust against manipulations to
sequence directigand ordersuggesting thahterval durationwasestimatedy substituting
information regardinghe absolutenagnitude difference&Secondthe impact of number
magnitude orsound intensity judgmentgas examined/Vhen target soundsere presented
simultaneouslyvith large digits, theyverecategorized a®ud more frequentlysuggesting that
participantssubstitutechumbemagnitudevhen performinglifficult sound intensity judgments
in a manner similar tavhenjudgingduration Third, the repetition of magnitude information
presentedn either symbolic (Arabic digits) or nesymbolic (numerosities) formatgas

manipulated prior to the presentation daege numberwhose duration was judgedhe results
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demonstratethatlarge numbers were judged to last for longer durations relatismall

numbers. Furthermorepntext had an effectinwhigh gr eat er di screpancy i1
numericalmagnitude from the initial contesequenceesulted inalonger perceived duration.

The resultsacross all three paradigreaggest that people gerallyemployinformation

regarding one magnitude dimension (numbérignmaking difficult perceptual decisions in a

related dimension (time, sound intensity).
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Chapter I: Dissertation Introduction
Time, initially, is no more intrinsic to our mind than it is to an hourglass. Our sensations and our

thoughts resemble the grains of sand #&tape from the narrow opening
- JeanMarie Guyau (1890)

The means by which we come to comprehend temporal changes in our environment poses an
interesting dilemma. How can we come to perceive something thgiasesyply undetectable?
Howisitthatwecam i st i n g u i vehat5 imieutesifeets fike “a what ari hour feels
like”, when minutes and hours are simple abstractions that have no basis in pagstgal will
present a novel theoretical accounttfte perception dime thatproposes thgtidgments about
temporal extent or duration— aredirectly connectetb the abilityto judge differences in
number and intensityevel. To summarize, perceptual judgments of duration, quantity, or
intensity ae tied largelyto the same underlying decisitomakingprocesses, with similar
cognitive rules being appliedvia top-down processesacross a widarray of quantitative
dimensions.

From a psychological perspective, the rate at which time is perceipaddds dependent
on a wide range of environmentaldcontextual factors, where an increassome stimulus
characteristic is associated wih increase isubjective duration. For exampkegreater
number of event@-raisse, 1984 n higherrate of change acroasinterval (Brown, 1995; L. C.
Leboe & Mondoy 2008; Poynter, 198%®oynter, 1983)and greater stimulus complexitylacar,
1996; Ornstein, 1969all tend to induce longer reported interval durati@snilarly, increases
in physical magnitudeesult inthe samghenomenon, fastegmpdvelocity stimuli (Kanai,
Paffen, Hogendoorn, & Verstraten, 2006; Kaneko & Murakami, 2009; Zakay, Nitzan, &
Glicksohn, 1983)andlarger, brighter, more numerous stilus events are all associated with a
subjective increase in perceived duratibratthews, Stewart, & Wearden, 2011; Mo, 1974;

Oliveri et al., 2008; Xuan, Zhang, He, & Chen, 200¥dditionally, a varietyof internal—
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psychologial — factors,such asn increase in controlled attention lefghderwood & Swain,
1973) whether attention is diverted to the left or right side of spabéara, Keller, Rossetti, &
Prinz, 2008) and emotional arous@Droit-Volet, Fayolle, & Gil, 2011 are also tid in with
variations in howdurationis perceived. In the followinget of studieghe mean®y which
symbolichnumericalmagnitudenformation(i.e., Arabic digits) is implemented in forming
decisions regarding durati¢@hapterl, IV), and sound intentsilevel (Chaptenll) are
examined in depthwith the goal of developingtaeoreticalapproach for explaining the
perceptual interactions and biases witedssrossnagnitudedimensons (time, number,
intensity).
Models of Time Perception

A variety of gientific models have attempted to encapsulate the perceptual and cognitive
mechanismsghought to underlipsychological timing. These have generally been subdivided
into what John MichoiiMichon, 1967, 1972and RoberOrnstein {969)have labeledlock
modelsandeventrelatedtheories or whatBlock (2003)aptly categorizes asming with a timer
andtiming without a timetheories, respectively. While both frameworks make similar
predictionsregarding the subjective nature of the psychological experience of time (e.g., time
flies when having fun, or drags on tediously when bored), they aviterregards to whether the
distal stimulus representing time is attributed to intéyrggnerated mchanismgsor external
(environmental) event£lock models propose thagrceived time is measurétrough the
workings ofa dedicated timer, while everglated theories suggest tipgtrceived time is largely

inferred using event information relatedttee passage adime.
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Internal clock modes$ (timing with a timer)

Clock models of timing have generally dominated as a theoryoiehumananimal

timing (Church, 1984; GibborChurch, & Meck, 1984.Thomas & Weaver, 1975; Treisman,

1963; ZakayNitzan, & Glicksohn,1983) These models have proposed that the brain contains a

pacemaker device that emits pulses at inconsistent/variable rates (Poisson variability) with the
mean representatiarf the pulse rates across multiple trisdpresenting h e

When the organismimes an interval, a hypothetical switch is engaged, and pulses are counted in

nt eonv al

an accumulatodevice— allowing the intenal clock to function in a rustop tming moce.

Reference memory stores a representation of the mean quantity of pulses that must be tallied

before the current interval approximates the remembered interval length. When the ongoing

pulse count matches the mean representation stored in cefenemory (a process carried out

through acomparator mechanism), the tirsensitive responss triggered (see Figure 1).

Furthermore, it has been proposed that the intetoek can be switched from a rstop

(timing) mode to an event (counting) modewhich each pulses represerative of an event

(Allman, Pelphrey, & Meck, 2011; Meck & Church, 198@)oviding the internal clock dual

functionality as both a timeand as a counter.

1

Pacemaker

>

Switch

]

Accumulator |- - 4

Reference
Memory

N

Working
memory

——>

Comparator

Response

Figure 1. Scalar Expectancy Timing ModéChurch, 1984; Gibbon et al., 1984)

S
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According to ScalaExpectancy Theory (SEThonhumananimals respond on fixed
interval reinforcement schedules by learning the value of a target intdoraéxample, a
5-minute period- by being positively reinforakfor the first response occurring after 5 minutes
have elapsed (usualyith the administration of food). The scalar variance property (or Weber
fraction) represents the variability ratio of perceived to actual time, and is measured by
presenting the aniah with a variety of intervals of varying length (some closer and some further
away from the target interval). Accordingly, as the tested intervals take on values that are further
away from the target interval, the probabilityata resporse will occurdecreasesThis
information can then be usedpgmdue a temporal generalization gradient. The characteristics
of this response gradient changes as different target intengithsare employed, with flatter
gradients occurring fdongertargetduration ntervak indicatinga redudion intemporal
sensitivity This scalar property holds for intervals ranging from 0.1 to 100 seconds in length
(Lejeune & Wearden, 2006; Wearden & Lejeune, 20@@h countingoperations exhibiting
similar pgchophysical functionfMeck & Church, 1983) The f i ndi ng t hat Webe
acrossarange of intervalss thought to be the result of the processes involved in comgpéhe
total accumulated pulse rate held in working memory to a total held in reference n{Bfooky
2003)

Building on the initial SET frameworkyausal and atterdn have bothbeen addetb the
original pacemakeaccumulator modelsexogenousariables (Church, 1984; Gibbon et al.,
1984; Gibbon, 1977; Meck & Church, 1988rcording to clock models,gecemaker speed is
theorzed to be affected by n e ° s arausakPentonVoak, Edwards, Percival, & Wearden,
1996; Wearden & Pentevioak, 1995) where an increase arousals associated with longer

subjective durationestimateselicited by a simultaneouscreaseinthp acemaker ' s pul s«
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productionrate(Droit-Volet et al., 2011)This makes time fealubjectivelyslower than it
actually iswhen arouseda phenomenon sometimes repdduring accidentsor fearful
incidents(Arstila, 2012; Stetson, Fiesta, & Eagleman, 20873econd factor shown to be highly
predictableon time perception is that of attention, in whickaer attentioal focus on
nonrtemporaltasks(e.g., word reading, visual search, arithmetic) tendegult inshortered
subjective time estimatéBrown, 1985Brown, 1997; Grondin & Macar, 1992; Hemmes
Brown, & Kladopoulos, 2004¥lacar, Grondin, & Casini, 1994; Zakay et al., 1983)e internal
clock model accounts for thEhenomenon bgtating that attention exsrits influence, not via
pacemaker speed, but through the functioning of the switdhich is reimamed as a gatewa
In this version(attentionalgateway modelyjate size isleterminedy howmuchattentionis
allocated to temporal or neemporal taks (Block & Zakay, 1996Block & Zakay, 2006; Zakay
& Block, 1998) In circumstances where attention is allocated away feomporal tasksthere is
a narrowing of the gate such that fewer pulses are registered in the accunitistmaugsthe
interval to be experienced as shorter than itslemgth Alternatively, when attention is devoted
primarily to the passage of timepne pulses are registered in the accumulator, and perceived
duration is processed as relatively lpaghenomenomwftenreferred to as theatched pot
illusion, namedafter thepopulari di om “ a wat ¢ h @dhogné& Edmonels; 80) boi | s
As mentioned above anddiscussed throughoutthe effect of numerosity and symbolic
magnitude on perceived duration is highhgedicable, with greater quantitiésrlin, 1986;
Hayashi, Valli, & Carlson, 2013; Mo, 1974hd larger Arabic digit&Oliveri et al., 2008;
Vicario et al., 208; Xuan, Chen, He, & Zhang, 2009; Xuan et al., 2@0i¢jting systematically
longer durationgn comparison temall numbersThe internal clock/attentiongate modetan

account for tfs bias inone oftwo ways: 1. larger numbersas a function ofheir magnitude-
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increasarousalevel and thusenhanceacemaker speed, or 2. Processing larger numbers
somehowequires fewer attentional resourcésjsallowing the accumulation of more pulses.
This second explanatipas research on size and distagifects have illustratedyould appear
highly unlikely. For exampleit takes longer to compare the magnitudes of two large numbers (8
vs. 9) versus two small numbers (1 vs. 2) dedmté pairings exhibitingdentical numerical
distancgan arithmetic dference of 1). Thisndicatesthat it isoverallmore difficult—and

therefore a greater drain on attentional resourd¢eprocessiumerical differences at greater

than lesser magnitudésloyer & Landauer, 1973Yloyer & Landauer, 1967; Restle, 1970)
Thereforethe arousal explanation appears to be the only valid one.

Despite the popularity of internal clock model theories like §&Delydue to their
predictive power—these theories are scientifically unsatisfactorya variety of reasorend
should not be considered the definitesglanation for all time perception phenomefiast, the
clock model speculates that physical timeomehowtranslated- at the level of the organism
into discrete temporal units or pulses. However, the production of these units is derived by
directing attentional resourcegherto timeor nontime-relatedprocesses. Thisme focuss
seemingly implid, and isnot controlledin nature (e.g., counting the seconds as they pas3),
yet (as noted aboyet requires— and competes for a high degree of attentional resources.
Generally, implicit (i.e., automated) processes are thought to require faw, dttentional
resources, and occur effortles@asher & Zacks, 1979; Logan, 1988; Posner & Snyder, 1975;
Reber, 1989; Schneider & Shiffrin, 1977; Zacks, Hasher, Alba, Sanft, & Rose, 18984]. It is
unclear what it even meansitoplicitly * at t end t o t haad2pfdirmespeogssingo f
does occur outside of our consci@vgarenesshow is it possible to direct attention to it?

Finally, 3. How is it that an uncontrolledeffortless- process poses such a massive drain on the

t ]

m
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sameattentional resources used to guide controlledytiflgorocessesuch as those involved in
arithmetical operatiortsProponents of the internal clock model do not appear to acaimgss
these questions

Secondtheinternal clock model tends to be used to explain a variety of experimental
findings, bu the model ialmost alwaysappliedpost hoc This limitation has been noted
repeatedly over the yeatdichon(1985)f or i nstance noted 30 years ;
is impossible to distinguish qualitatively between the various factors that may cause fluctuations
in the rate of t hFerexanmple,avhila soie typésofcstknuli’speedoup thel 7 )
rate of the pacemaker (arousal), others exert their effect by shifting attentional resources away
from the timer (e.gyvisual object tracking Simply because there is a lengthening in perceived
duration whe people are presented with a stimulus that may increase arousal level does not
necessitatéhat increased arouszdusedhe increase in subjective duration. Walsh(2003)
more recently notes, “I1t 1 s an addaiptiorional pr o
predictions aboutate nt i on and time.” (p. 486inhsomAs such,
manner of speakingbeinterpretedas evidencen supportof the theory

Third, andasBlock (1990)alsopoints out, the internal clock model provides an
oversimplified view of human timingbilities. It fails to consider that we often strategically
manipulate environmental variables to convey information to us about the passage of time (e.qg.,
using alarm locks), or implement effdiul strategies to measure tiArepassing (e.g., counting
the seconds as they pass). Furthermore, these models fail to consider how highly complex
external factorgncluding contextcan impact tire perceptionfocusng entirelyon prospective
timing (attendhg to timein the presentand never attempt to account for retrospective timing

(how we reconstruct timafter the fagt Additionally, if prospective time perception does
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involve consciously activating a switch betwegmecemaker anénaccumulator, then the
model has difficulty accounting for experimental findings where people exhibit some degree of
accuracy on implicit time perceptidasks. For example studieshave demonstrated that
temporal informations incidentallyencoded without conscious intefdr a review seeBlock &
Zakay, 2001)In one casememory regarding the temporal order of words presented invealst
foundto be accurate participants correctly identédd the timing of a word in a list despite
forgetting whch list the word was originally igHintzman, Block, & Summers, 1973 urther,
par ti ci p a onthetaskeasunaffactadowpnen information regarding temporal order
was encoded under incidental conditipogerconditionswhere participants/ere told ahead of
time todirectly attend tothetemporal ordeof the eventgAuday, Sullivan, & Cross, 1988)
while additionalresearch has shown that pedjolem implicit representations of interval length
(Brown & Stubbs, 1992)This leads to the question, how is duration being encoded without
consciouslyactivatingthe switch between the pacemaker and accumulator?

Fourth, again aBlock (2003)alsopoi nt ed out, Weber’'s |l aw app
guantitativestimulus dimensionseyond that opsychological timevhich includesjudgments
aboutquantity (Cordes, Gelman, Gallistel, & Whalen, 2001; Whalgallistel, & Gelman,

1999) While the modecontrol modepreviouslydiscussed may be able to account for

psychophysical similai#gsin the performance dfime and numbeegstimation it is not clear why
perceptual dimensions like sound intensity, brigesnand physical weight should also conform

to Weber’'s | aw,” VAist moanreldy bsyl iBdhotc kmodi fi cati on
stimulus informé&on for the pacemaker), scatiming madels could easily become

scalarper cei ving models” (p. 44).
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Fifth, the neuroscientific evidence in support of a centralized timat fgest,
inconclusive According to the distributed netwoplerspectivethe striatum magct aghe locus
for the internal clockasstriatal cells (which have firing rates thatdtuate from 10 to 40 cycles
per second) may receive messages about when to begin timing an interval from cortical neurons
(for a reivew se&rondin, 2010)At this point, their firing rates synch, becoming less
synchronized over time, with tiigatternof activationat the end of the timed interval being
recorded in memory asreuralrepresentation dheinterval duration While this appears to be
a reasonable physiological model of timing, there is a general lack of consensus in teens of
brain areashat are actuallynvolved in time perception as well aswith the neurophysiological
code thought to underlie duratio@ther researchers have identified regions of the brain that may
act as accumulators bgmping neural activatiolevel with the progression of the interyal
includingthe preSMA and anterior cingulate cortex (ACC) as areas that increase monotonically
in neural firing rate with duratiorfMacar et al., 2002; Pouthas et al., 20@8bernatively, other
studies have identified regiomstheinferior parietal cortex @t monotonically ramp in firing
ratewith duration(Coull et al., 2004Rao, Mayer, & Harrington, 2001Pne possibility is that
this ramping functiorrould be a more general neural property involved in coding responses
made to a wide array of quantitative environmemgrmation; inclusive of brightness, sound
intensity and numbeall of which are coded by neurons with increasing monotonic functions
Finally, there is strong evidence suggestirgg #uditory and visual stimuéretimed
through modalityspecificprocesseswvhich lead to sounds being perceived as longer in duration
thanequivalendurationvisual stimuli(Lhamon & Goldstone, 1974; Wearden, Edwards, Fakhri,
& Percival, 1998)There is also evidence to suggest that there may be multiple olpetating

within sensorymodalities.In se\eral studies, it was found thasual adaptation to an area in
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visual spaceeducedhe perceived duration of stimuli later presented in that location, but not in
other proximal visuategions(Burr, Tozzi, &Morrone, 2007Jahnston, Arnold, & Nishida,
2006). Again, it is not clear how modetilsatput forththat all psychologicdime perception
phenomena are connected to the workingssmgleinternal clock cou account for thse
findings
Eventrelated theories (timing without a timer)
Modern e&entrelated flon-clock theories of time perception can be traced to the work of
Paul FraisséFraisse, 1963, 1984nd RoberOrnstein (1969)but their true origircan be found
in thewritings of French philosopher Jedarie GuyauGuyau, 1890, 1988)who is considered
to have writterone of the earliest pr@odern cognitive psychologicalorks on time perception
(Michon, 1988) Quite generally, Guyaposted thatpsychologicatime ismentallyconstructed
and therefore is entirely dependent upg@cognized variations in the sensations and perceptions
that areprocessdfrom the environmentGuyau is also the first to suggest that subjective time is
closely associated with perceiving changes in intensity,lexg&ing:
Apart from the first three elements underlying the notion of time: differences, similarities,
and rumber, consciousness soon puts us in possession of a fourth and extremely
important one: intensity or degree. In my view there exists an intimate connection
between intensity and the momef@uyau, 1890, 1988, p. 1P5
He suggestthatwe areinnatelyawae thattime is marked bgontextuakchanges demarked by
differences, similarities and quantities,\aell asvariations in intensityas he goes on to state
“1f there were no division, no change and no
no ti me. " (983p\M@uPaul Ara&s8e((1963yould conclude 70 years later that

duration is derived from "“successive changes
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time isbasedupoit he number of ¢ hamhopemnarzdfoseveny ed . ” ( p.
theorists, the brain acts as an information pragegsirtitioning experiences into events and
constructing a coherent sequential order from the structure of those events. It is through this
processtwo subjective sensations relatedime perceptiomre formegdwhich Michon (1985)
cat egomowz-es saesns‘e of existi ng flawh—the beesefhatesent n
time is continually progressing into the future. The maintenance of these expshierefers to
astuning
tuning can be described as the process of keeping track of the correspondence between
events in the outside world and the events produced in an internal representation of that
world: keeping the two series in synchrony is precisely what tuning is gbtahon,
1985, p. 29)
As discussed by Michon (198%ecaus®ur consciously generated expectations for
when an everghouldoccur precede the actual event, the interval is evaluatadbgectively
long, while time is perceived of as short when externa&s precede their expected occurrence
This is how eventelated theorists reconcile temporal illusions suctinasflying andthe
watchedpot phenomena without relying on an internal clock. Michon (1985) argues that time
perception is largely a contretl— effortful — process that requires attentional resources, and that
the predominandistal stimulus for duratioms nonrtemporal cues regarding event ordes well
as“* Ot her , i n4emporalcues aw H meay be given a (quasitemporal
inter pr et at i o nproviep a pla8shle explan&iondor a hosteohporal illusiondike
the kappa effect in which a greater distance (spatial interval) delineating successive esvents
oftenperceived as consisting of a longer temporal intetmahis instancespdial (distance)

cues are used tofer the duration of an intervéhlards Tomalin, LeboeMcGowan, & Mondor,



NUMERICAL MAGNITUDE 12

2013; Casasanto & Boroditsky, 2008; Cohen, Hansel, & Sylvester, 1953; Henry & McAuley,
2009; Sarrazin, Giraudo, Pailhous, Bootsma, & Giraudo, 2004; Shigeno, Ta&3also
accounts for why the close relations betweemgha in physical magnitude and time may also
be taken advantage when makingnferences about duratiom these caseswill argue that
stimulusmagnitude is substituted for tinfguan et al., 2007)

It shauld be noted that not all emtrelated theories are the sgmath some falling into
and out of popularitgince the late 1960s | n Or n s ts@ragesize moogimemarynsa |
conceptualized as being similar to computer storage space, with subjective timedoguged
from thetotal amount of utilizednemory storagspaceThus, aghis memorystoragespace is
filled (either by more events, or increased complexjtgyceived time ikengthenedWhile this
theory was the first modern account to oppose the idea of a cewmtrtaiee, it was found to be
largely inaccurate, and difficult to replicglock, 1978) In a series of studies, Block found that
it was actually the contéxal nature of the experience itself that determined perceived duration,
not the amount of memory used. For examiplearticipants studied words presented in a list
using either shallow (structural level, e.g., font size) or deep (semantic level: wanchgje
encoding strategies for a later recall test, the remembered presentation durations for the deeply
processed words were equivalent to the shallowly encoded words, despite being recognized with
greater accuracy and presumably occupying more memocg @lack, 1982; Block & Reed,
1978; Block, 1985)

Block found instead that waschangesn the contextthat influenced duratiori~or
example, alternating word encoding tasks between shallow and deep strategies eéhkanced
subjective duration of the interval spent studying by 18Pive to those spent using a single

strategy. Howevethere was no differende the perceived durations of encoding tasks that were
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done entirely using shallow or deep encoding strategies despftethiat thedeep encoding
strategyenhancedecall. Therefore, it cannot simply be concluded thiahanced memory for an
eventis synonymous witlanincreasen theperceived duratioof that event.

As a resultBlock and other¢Brown, 1995; Poynter, 198%oynter, 1983have
suggested that perceived time may be reflective of the level of segmentatomtinuous
changewithin the experience, with a greater degreehangeresulting in longeduration
estimatesThisphenomeaon has been proposed to be the application of a more general change
heuristic where change is usédl aid inmaking perceptual judgmentiat include, but are not
limited to duration(L. C. Leboe & Mondo, 2008) For exampleit has been found that charsge
over timearealso use@s a means of quantifyirepevent magnitude- like judging the
intensity of a soun¢L. C. Leboe & Mondor, 2010)

Contextualchange theories seemingly haweexplanatiorior why a large symbolic
number (e.g., Bhould lead t@longerdurationestimate ovea smaller number (e.g., 1), as both
are entirely statie unchanging- events. Rather thangposethat time peteption is determined
by the application of a single heuristic (the levepicessed¢hange across the interval), |
furtherpropose that perceived duration is governed by the fluid application afeaaniay of
strategies and rulgets, the applicatioof which is largely contextally dependent
A heuristic accountof time perception

Heuristics are simple rulesf-thumb that whemadhered tpgenerally produce correct
answers/responses in a highly efficient manner;vlen ovesrelied upon, may yield
systematic sources of errand biasIn many cases people rely solely on information that is only
strongly associated with a target dimension rather than the target dimension itself. For example,

the speed and subjective ease with which information i<mursly accessed tgpically used to
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indexa variety ofjudgmentsincludingeventprobability (availability heuristic,Tversky &
Kahneman, 1973, 1974, 1981&cognition(fluency heuristic,). P. Leboe & Wiittlesea, 2002;
Whittlesea Jacoby, &Girard, 1990 Whittlesea &J. P.Leboe, 2000and emotional preferences
(J. P.Leboe & Ansons, 2006; Zajonc, 1968espite the wealtbf researchiegardinghe impact
of heuristics on higher order cognitive processes; investigation into how thésadao
distortions orbasic perceptual judgmerttas received far leserutiny,

Despite this, heuristics have been widely appdie@xphnations foperceptual illusions.

In an early exampld)ees 1966)supported a heuristic account of the moon illusiavhere the

moon appears | arger in size -astt atthhenghor*“ingossnt V ep
l ogi ¢’ I's subverbal and i n leanedgpemisesvahiclur e aut o
usuallyar e tr ue. ” (-ipusion2when viéwed ot theshorimam,anonocular depth

cues (interposition, linear perspective), are used to make inferences about distance, which
subsequently impact perceived size. When themmpositioned overhead, the lacktiobse
depth cues disrupts this inferential process.

Since then, heuristics have been used to account for other perceptual illusions, for
exampleperceivirg depth in a twalimensional object when the tveimensional bject is put
into motion(Braunstein, 196Braunstein, 1976)eterminingtheg | ossi ness of an o
surface(Fleming, 2012)the performance of complex motor skilBienes & McLeod, 1996;
Gigerenzer, 2004how we taste our foodfor reviews on how colour impacts taste perception
see Delwiche, 2004; Spence, Levitan, Shankar, & Zampini, 20d9Oyvell aour ability to
identify the spatial and perceptual characteristics of a sound (e.qg., (hietige & Mondor,

2007) In all of the above cases,rpeption in one system wasluenced by the application of a

heuristic ovelanalgorithm.
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The question can be posed as to why heurigtozdd be used in perception at athen
relying entirelyon bottomup — sensorydriven— mechanisms would decrease gnebability of
making systematic perceptual errors (i.e., illusions). This is likely a case of the benefits largely
outweighing the costsvith a heuristic approadtesulting in heightened processing speed, as
wel | as enhancing one’s abili tfraginmlarf | exi bl y a
conclusionseeBraunstein, 1976)This explanation appears plausible for all instances where
heuristics are uskin perception,wtht h e o r g a n i beinglagelydependantofast
thinking, and adaptabilityDespite this, the question remains aw/hy informationabout
numerical magnitudesould ever be informative and/or associated with the dimensidme?
Current imaging research has providgednesupport forthe existence cd common
neural metric (allocated to the Intraparietal Sulcus or IPS) for the representation of time, space
and quantity, referred to as the generalized magnitude syBtesti & Walsh, 2009; Walsh,
2003) The A Theory ofMagnitudeor ATOM framework- predicts that alincoming
guantifiable information (whether spatial, temporal or numerggiloe representedsinga
common, analog codéat is utilized bythe action production (motor response) system of the
pari et al cortex. This code ilsessavokeldatwhea mpa
approximationsFinally, it isalsothought thathis common codenayfacilitate thevarious
interactions witnessed between temporal/spatial/numerical dimensions (see Figure 2), which
include kappa/tau effects (A.), filled duratidiusion (B.) and SNARC (spatidumerical

association of response codes) effectsg€r Figure 2).
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Figure 2. A Theory of Magnitude (ATOM) Framework (Walsh, 2003

Guyau similarly supported the close association of time \pitices and numbeag well
asintensity), stating thahe number of sensations (or variations in intensity) experienced over an
interval could act as a cognitive index for duratitfhe idea that number is perhaps sufficient to
account for this case: a theice traversed seems longer when it gives rise to more sensations,
while it seems shorter when it geaws fewer sensorpnipr essi ons. ”, he furthe

| am not arguing that we count every individual sensation; neither do we have to measure

the volumeof two unequal mountains in cubic meters of earth, and yet we can tell at first
sighttha one i s | ar gNembers ¢ameaxistinkthe absenhch & enumeration
and one can estimate without detailed computationg follow the example of animals

and primitive tribesman, that is, we cast a glance and guess. The result of this evaluation

represents simultaneously the apparent length of time and the spatial expanse traversed

during that time(Guyau, 18901988,p 127).

Guyau—andmore recently Walsk havesupporédthe conclusion thatimilar processes
are used tperform approximations across a wide array of magnitude dimensions, thus allowing
us to be quick and efficient at determinimghether or not one bush has more berries than
anotherwhethe a hunting party has beemssinglong enough to warrant a searblow hard a
speamustbe thrown to strikelowna woolly mammothand whether or not a rival tribe is

sufficiently far enough away to warrant ignoring th&ra.afford this level of fluidityof
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approximatioracross dimension# would make sense thall might be representemithin a
commonrepresentational, or decisionakingmetric. Time, however, unlike other
environmental information, has no distal stimulughe environment beyond that changeand
therefore must always heferred (or guessed at) by usimformationprocesed regarding the
other dimensionsSimilar to Guyau propostion over 100 yeard, suggesthattimeis inferred
usingthe same implicit mental approximations diseguidejudgaments regardindifferences in
space, quantitgnd intensity

Finally, if temporal judgmentare based on perceived variations in other dimensions
whatare the general cognitive mechanisms througich this is accomplished? | proposettha
space, number and intensity are substitidedurationthrough a process called attribute
substitution(Kahneman & Frederick, 200Kahneman & Frederick, 20D5The general idea
behind attribute substitution ssiccinctlys t at ed by Kahneman and Freder
with a difficult question, people may answer an easier one instead and are often unaware of the
substitution.” ( Kahn e nraomee&amplgpaatidigants werde asked 0 05 p .
rate their current level of life satisfaction. If they were dsikdirst providean estimate ofiow
many dates they had been on in the last 6 months, it was found that their answer given to this
guestion strongly correlated with their life satisfaction ratlgwever jif the questions were
askedfurther apart, thersswers provided for each were unrelated.

Attribute substitution occurs when the target feature is less readily assesssohtlean
related attributeWhen this happens, the more accessible featwféeisincorporated into th
decision without the decisma k er °' s consci ous k n@Asypleealsiye of t h
noted,this occursaas a means to enswspeedy, uninterrupted decistamaking thaimay be open

to bias,as the authore o t e | “Whenever the heuristiegthat tri b
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Ssubstitution of one for the other inevit
Frederick, 2005 p. 269). | propose tkatimating duratioposes a distinct challengethat there
is noenvironmentaktimulus attributeepresentativef duration, and as sucghve havdearnedo
substitute a wid@rray of related dimensional attuteswhen inferringduration.
Current Study

In the followingset of experiments,will test the heuristic accouhthavelaid outabove
in several ways, using seatdifferent methodologie® answer several key questiofsif
heuristics are used to infer duration, the perceived interval of time occurring batieeins
events (uninformativentervals) shouldely on a different duration index than the duratdn
events themselves (informative intervalg) Chapteil (Number Magnitude, Size, ar€blour
Saturation on Time | will employ an experimental framework that has been previously
established for isolating the kappa effethe influence of spatial esmit on perceived duratien
to answer this questioRrevious work in this ardesfound thata greaterariation in both
physical spacegs well as auditory spatial analogbke pitch—across an interval teedto
inducelonger perceived duratigtior that interval(Cohen, Hansel, & Sylvester, 1954; Shigeno,
1986, 1993)As symbolic numbers are visual in natbrg are not inherently spatjalpropose
that kappa effds are—in part—driven by onthe-fly computations of thenagnitudesimilarity of
theeventsdefining theintervalseparatingher onsets If the similarity in the magnitudes of
successive events is high, thugdl beused to indicate that a relatively short interval must have
occurredHowever if the similarty is low, thiswill be used to indicate that a relatively long
interval must have occurred. Ifl@xible heuristic is being employed, similgrishouldexert
analogous effects on perceived duration regardless of the dimensiorifiteelsystem is

largely inflexible (as would be suggested by the internal clock matehaninterval

abl
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separatingarge numbers should be perceived of as longer in duration thaarttemterval
separatingmall numbers.

2. If time-number interactions are the resultleé application o more general heuristic,
thenthe same heuristic should be applied when making judgrreateer modalitiesln
Chapterlll (Number Magnitude and Sound Loudndsss predictedhat difficult decisions in
another related modayi{a difficult sound judgmentegarding sound intensjtghould be
impacted by symbolic numbaragnitudan the samenannerthatduration judgmentare
influenced In this chapter, | propose that people may anchor on the value of a symbolic number
andsubsequentlysethat informationto guideperceptuajudgmentsabout soundsThere is
evidence to suggest that the reverse is true, for instance, auditory tones facilitate judgments about
the magnitude of later occurring symbolic numbers, when the tonal pitch afenomagnitude
are congruenthigh pitch — large number Oriet, Tombu, & Jolicoeur, 2005) further propose
that timenumberinteractions may constitute a form of numerical anchoring, where an irrelevant
number’'s value is used as a | aunching point o

3. If time-number interactions are driven by the application of percep&uaisticsthe
resulting lias should be contextually dependent. For example, the degree of timing bias a number
elicits will be based primarily on how large the context makes the number appear, rathibethan
n u mb absdluge valugin the same way that contextual monocular distecues influence how
big the moon appears when on the horizenally, in ChaptetV (Contextual Influence on
Perceived Number Duratipn more generally examine how the tendency to perceive large
numbers as lasting for longer durations is not entatetgrmined byligit magnitude, but rather,
by the context preceding the presentation of that digit. For exaihfile,number fasthe

appearance of beingore substantialvhenit follows a series of small numbers (1s and 2s)
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versus large numbers (7sta8s);will this feelingbe captured and factored intturation
estimateslf so, it indicates a high degree of flexibility in how numerical information might be
imported into duration judgments.

In summary, the three experimental paradigmezll tess of cognitiveflexibility . A
heuristic account poses that rules which guid
and interactions with the emenmentwith later decisions about difficult dimensions (time)
being weighted toward more easilgcesdle information (number)fhe more general goal of
this workis aimed at expanding how we think about perce@®a wholeThe tendency to
focus exclusively on bottorap drivensensory processes in discussionpateption ignorethe
equally—if not more—importantquestion regarding how tegiown guided processes are

factored into ouexperiences.
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Alards Tomalin, D., LeboeMcGowan, J., Shaw, J. D. M., & LebdécGowan, L.C. (2014)The effects of
numerical magnitude, size, andloursaturation on @rceived interval duratiodournal of Experimental
Psychology: Learning, Memory & CognitiphQ(2), 555566 doi: 10.1037/a0035031

Chapter Il : Number Magnitude, Size, andColour Saturation on Time

The perception of time is driven by contextual and emrirental cues that are often only
indirectly associated with time itself. A variety of studies have shown that, in part, people infer
duration through its interaction with experientiatBtated perceptual properties across multiple
stimulus dimensions andodalities. For example, a duration is inferred as longer than a
comparison interval when it contains more stinf@tlams, 1977; Buffardi, 197Ifhomas &
Brown, 1974)or exhibitsdynamicpropertiegBrown, 1995; Casasamt® Boroditsky, 2008;
Kanai et al., 2006; L. C. Leboe & Mondor, 2008y ditionally, higher order magnitude stimuli
induce a subjective expansion of perceived duration. For example, in visual studies, bright lights
are perceived as lasting longer thaniegjent duration dim light§Brigner, 1986; Kraemer,
Brown, & Randall, 1995)while larger visual stimuli are perceived as lasting longer than
equivalent duratiosmall stimuli (Ono & Kawahara, 2007; Ono & Kitazawa, 200Rkewise,
in auditory studies, high frequency tones are reported as l&stiggr than equivate duration
low frequency tonefAllan, 1984) while loud tones are perceived as lastoiggerthan
equivalentdurationquiettones(Oléron, 1952)

Recently,a numberof studieshavedeterminedthat symbolic Arabicdigits exert
similar contextualbiaseson a wide array of different spatial and temporal tagk3asarotti,
Michielin, Zorzi, & Umilta, 2007; Fischer, Castel, Dodd, & Pratt, 2003; Oliveri et al., 2008;
Oliveri, Koch, & Caltagirone, 2009Yo illustrate, a recerstudy revealed thaitadependent of
their true duration, participants judged small magnitude digits (e.g., 1) to be shorter in duration;
and large magnitude digits (e.g., 9) to be longer in duration, than intermediatéedmits;

Oliveri et al., 2008)This effect has sindeeen replicated using a Strebe paradigm, finding
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that participantsre moreaccurate at classifying the durationeohumber when its magnitude is
congruent with its presentation time (e.g., a small digit presented for a shorter time), than when
it is incongruent with its presentation tiifeeg., a small digit presented for a longer tilne,

Hodges, Zhang, & Zhang, 2009; Xuan, Chen, He, & Zh28Q9; Xuan, Zhang, He, & Chen,

2007)

The A Theory of Magnitude (ATOM) framework, proposedWiglsh(2003) is an
influential theoretical framework accounting for the numerous interactions that have been
demonstrated across various quantitative dimensions (e.g., number, quantityrsizen).
According to this approach, humans and animals possess a generalized analog magnitude
system, in which space, time and quantity (or number), as well as other mag(saeBsti &
Walsh, 2009)are translated into an abstract magnitude code. This code represents the stimulus
intensity in the form of an approximation (ealjttle vs.a lot) which demonstrates a
ratio-dependent property, such that, at greater stimulus intensities, effective discrimination will
depend on an ever greater level of disparity between the compared givalder's lawBonn
& Cantlon, 2012; Detene, Dehaereambertz, & Cohen, 1998; Gallistel & Gelman, 2000;
Piazza & Dehaene, 2004; Walsh, 2Q03)

Current braiAimaging research indicates the intraparietal sulcus as the neurological
correlate associated with number processing, and the analog mdegsysteniCappelletti,
Muggleton, & Walsh, 2009; Hubbard, Piazza, Pinel, & Dehaene, 2B@Sgarch further
indicates that numbers are represented according to a spatial format, with smaller magnitude
numbers being associated with the left side and greateritndg numbers the right side,

resulting in aheoreticamental number linDehaene et al., 1998; Restle 703
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The concept of a mental number line receivether support from the Spatiblumerical
Association of Response Codes (SNARC) ef(fBehaene, Bossini, & Giraux, 1993)his line
of research has demonsticitbat people from Western tules are fasteat making lefthanded
responses to small maigude numbers (e.g., 1) and rigianded responses todarmagnitude
numbers (e.g., 9), an effect that is prevalent even when numerical magnitude is irrelevant to the
primary task(e.g., judging parity)This effect is robust and has been widely replicated using
number words (e.gone vs. nine), and auditorijyresented digiteFias, 2001Nueik, Wood, &
Willmes, 2005,Nuerk, Iversen, & Willmes, 2004)

Therefore, it appears that people impose spatial organization on numerical values by
associating smaller numbers with the left side of space, and larger numbers to thdeight si
space. The imposition of spatial organizattomnumbers is, in part, expentially driven. The
spati al | ayout, or direction of a person’s wr
magnitudedimensionsare processed, including tiflfuhrman & Boroditsky, 2010and
numberqZebian, 2005)Zekian (2005), for example, demstnated that while English and
French readers (whose written languages move franoleight) are prone to a lefo-right
oriented SNARC effect, Farsi and Arabic readers (whose written languages flow from right to
left) demonstrate the opptes pattern; a righto-left oriented SNARC effect.

Further support for the ATOM framework has arisen from a series of convengiggs
that suggest that other quantitative dimensions exhibit sisplatial biases. Similar
SNARC ike effects— where responses to smaller magnitudes are facilitated by using the left
hand, and larger magnitudes using the right karthve been foundsing other abstract,
continuous dimensions, including months, and alphabetic charé@®rsrs, Reynvoet, & Fias,

2003) and a variety ofjuantitativeperceptual dimensions, including physical SRen,
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Nicholls, Ma, & Chen, 2011weight(Holmes & Lourenco2013)and time(Di Bono et al.,
2012; Fabbri, Cancellieri, & Natale, 2012; Ishihara et al., 2008; YaBems, & Shallice,
2008; Vicario et al., 2008For example, people are faster at categorizing short duration
i nt er val s halefthdnded esponse, and ldng duratiortier val s as “ 1 ong”
right-handed respae (referred to as the Sgdilemporal Association of Response Codes, or
STARC, effect). These observations further the theory that numerical magnitude, time, and
other quantitative dimensions are all similarly organized, forming whagdmstimedeen
termed a mental magnitudedi(see alsoHolmes & Lourenco, 2011, 2013)

While it has been established that different magngude subject to spatial organization,
the implications of this imposed organizational structure on various judgments has received less
attention. A goal of the current study was to investigdtetier the imposition of a lefb-right
spatial framework omarious quantitative dimensions (includjmgmber, size, ancblour
satuation) would bias judgments regarding the duration of an interval separating two stimuli.

The reliance on common processes for representing time and numerical magnitude could
accoun for the influence of numerical magnitude on temporal judgments previously
demonstrate@Oliveri et al., 2008; Xuan et al., 2009, 200&yditional support for this
approach has emerged fralamonstrations of variousossdimensional interference effects
between temporal and spatial percepfuatessesarly demonstrations of crogimensional
interferencgAbe, 1935; Benussi, 1913pund that if discrete stimuli (e.g., light flashes) were
presented in a segace, the amount of physical distance separating two events directly
impacted subjective duration judgments of the separating interval. For example, the perceived
duration of an interval was judged to become longer in its overall duration as a fundtien of

distance separating the two stimuli. This perceptual illusiotalled the kappa effeet- has
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been widely reported for visual stim@ibe, 1935; Cohen et al., 1953; Lebardf& Wapner,

1968; Sarrazin et al., 20Q4)nd in studies that have employed auditory spatial analogs,
including sound frequendBoltz, 1998; Cohen et al., 1954; Crowder & Neath, 1995; Henry &
McAuley, 2009; Shigeno, 1986, 199and sound intensit{Alards Tomalin et al., 2013)This

bias is generally elicited through presenting participants with three sequentially presented
stimuli (designated as AXB). In thigguence, A and B represent boundary elements defining a
spatial interval within which the placemenftthe second occurring stimulus (X) is varied across
trials. On a standard AXB task, judgments are formed about the relative durétioabl@nk
intervds between AX and X-B. The durations of these blank intervals are defined aicaptd

the stimulus onset asghrony (SOA), the amount of time separating the onsets of two discrete
stimuli. In the presentigdy, SOAs are provided. Gemdly, as stimulusXrear s st i mul us

spatial pogion, the tewlency to classify the first blank interval (SOA: 1) as short, and second

bl ank interval (SOA: 2) as |l ong increases. Co

the tendency to classify the first blamkerval (SOA: 1) as long, and the second blank interval
(SOA: 2) as short increases. Therefore, like the SNARC and STARGsfkappaffects also
demonstrate evidence for credisnensional interactions between different magnitudes (e.qg.,
time and spage

In the experiments reported, we first investigated a role for variations in the sequential
magnitudes of number, size, atmloursaturation in contributing to the perceived duration of a
blank interval. The goals of the following study were twofoldst-we wished to investigate if
variations in magnitude contribut®iases to interval duration judgments in a manner similar to
changes in physical distance. We hypothekthat a smaller numerical matude difference

(Experiments 1 and 2) would resurdta shorter perceived duration between stimulus onsets.
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Additionally, we hypothesized that a greater degree of perceptual similarity in both stimulus
size (Experiment 3) antbloursaturation (Experiment 4) will also bias participants to judge the
interval separating two visual objects as shorter than when those two objects are less
perceptually similar.

A possible alternative hypothesis is that the impact of stimulus magnitute on
subjective duration of disete stimuli could also exert an influermethe perceived duration of
an empty interval separating successive stimuli. This hypstiheakes the prediction that if two
relativelylarge magnitude items are presented in succession (e9)., tBe interval separating
them will be peceived as subgtively longetthan the same duration separating two small
magnitude items (e.g.-2). This alternative hypotheswas also tested in our studly.
reporting these studies, our broader goal was to contribute to the increasing body of evidence
demonstratig close associations between the comprehensions of magnitude across a variety of

perceptual dimensions.

Experiment 1

An increase in the physical distance between two sequertiabentedtimuli (visualor
auditory)leadsparticipantgo perceive an iarease in the duration of the interval separating
those stimuli (i.e., the kappa effect). In Experiment 1, instead of manipulating physical distance,
we manipulated the relative numerical magnitudes of digits, such that the discrepancy between
two items cald be relatively large or small. On each of a series of trials, participants viewed a
sequence of three digits, and then judged the relative durations of the SOAs separating the first
digit from the second digit, and the second digit from the third digithalf of the trials, SOA:
1 was longer than SOA: 2 [@ng-shortpattern),andfor the other half, SOA: 1 was shorter than

SOA: 2(ashortlong pattern). We hypothesized that a smaller magnitude discrepancy across
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SOA: 1 should result in a tendencycttegorizet h e s e q u e # © engpdedftehygiteo r t
a greater discrepancy acrd3®A: 1 shouldresultin along-shortresponséias.
Method

Participants. Fifty-three University of Manitoba (Winnipeg, Manitoba, Canada)
undergraduate students enroliegnintroduction to Psychology coursetae University of
Manitoba paticipated in Experiment 1. They received partial coursditfor participating.
Twenty-eight participants were randomly assigned to the increasing digit magnitude condition
(16 fenales, 12 males, mean age2£.21 years) and 25 to the decreasingf diggnitude
condition o =25, 15 fenales, 10 males, mean agé%32 years). The study was approved by
the University of Manitoba, Fort Garry Campus ResearclcE®Board. All participais
provided informed consent.

Materials. The numbers were presented sequentially in increasing and decreasing
magnitude configurations consisting of eight different Arabic digits (1, 2, 3,4, 6, 7, 8, 9)
presented in Times New Roman font. They were cépnipabsented on a computer monitor
subtendinga4.25° visual angle, horizontally amdb.13° visual angle, vertically. All materials
were presented on a LG2442PA Flatron LCD monitor with a screen resolut$i920 x
1080 pixe$ with a response time ofr2s. The monitor was connected to a PC utilizing an Intel
Core 2 Duo CPU, 3.0GHz, 3.18 GB RAMThe video card waan Intel Q45/Q4Express
Chipset display adapter. The images were displayed3&itBit Colour Depth, with a 6(Hz
refresh rate. All of théigits were created using Microsoft PowerPoint 2010 and then converted
into bitmap images (BMP files), which were displayed u&irerime software Version 1.2
(Psychology Software Tools, 2002). The selected SOA durations were either relatively long

(785 mg[47 frames], 768 ms [46 frames], 752 ms [45 frames], 735 ms [44 frames]), or
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relatively short (680 ms [41 frames], 660 ms [40 frames], 640 ms [39 frames], 620 ms [38
frames]).

Design and procedure.In this, and the fddwing experimentswe used a stanchAXB
paradigm(e.g.,Shigeno, 1986, 1993)vhich involves the presentation of three sequential events
(a total trial duration of 1,420 ms). Aftegceiving verbal instructions, an experimenter asked
the participants to initiate the first and each subsequent trial by préssisgace bar. This
buttonpress initiated the presentation of a fixation cross at the center of the screen for 500 ms,
whichwas followed by an AXB sequence. The AXB paradigm involved the central presentation
of three stimuli in succession, with each event appearing for an equal duration of 200 ms (12
frames). The firsstimulus (A) was fdbwed by an interval in which nothingas presented on
the screen (i.e., a blarkuninformative—interval), followed by the presentation of the second
stimulus (X). The second stimulus was then followed by a second blank interval, and finally a
third stimulus (B). The durations of these blamiervals (SOAs) were manipulated across trials.

The interval between the onsef the first and second stimuli (SOA: 1) and between the
second and third stimuli (SOA: 2) varied in duration, s #ither SOA: 1 was shorter-(S
pattern) or longer (1S pattern) than SOA: 2. The SOA durations consisfddur L-S patterns
(785635 ms,768-651 ms, 75668ms, 735685 ms) anddur SL patterns (in which the
long-short SOA durations were reversed). This information was further expressed as the interval
difference (wherei®OA: 2 aresubtracted from SOAL). This was done to provide a means of
conceptualizing the overal |l @smdlerddfarenge of t he p
equatedvith an interval structure that was nedlifficult to detect. The £-S patterns exhibited
interval differences of 150, 184, and 50 ms; while the 4L.Spatterns exhiibed interval

differences 0f150,-117,-84,-50 ms.
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Regarding the characteristics of the stimuli, the &rgl third events in the threeent
sequencevere unchanging boundary elemertkee(humberd or 9), while the magnitude of the
second stimulus varied across trials (spanning from 2 to 8). It should be noted that 5 was never
included as a second stimulus value. Dependent on whether 1 was thetfirst stimulus,
eachtrial could be identifiedas either increasing {€-9) or decreasing (X-1) in magnitude.

After the offset of the third stiulus in the sequence, parpiants were prompted to
classify the trial as either lorghort (L-S pattern) oshortlong (SL pattern), depending on the
perceived durations of SOA:rélative toSOA: 2. Participants made their responses by pressing
keyboard buttons labeled SL or LS on the keyboard. The SL labelWwasi x ed t o t he
S-key (and pressed witthe left hand); whereasthe LS labeh s af fi xed t o t he
L-key (and pressed with the right hand).

By using this procedure, the six possible digits that could appear as the second stimulus
(2, 3,4, 6,7, and 8) were combined with the eightléeokinterval timing to generate 48 trial
types for both the increasing and decreasing magnitude conditions. The magnitude difference
between the secondmstillus and the respective boamg elements generated six possible
conditions: 17, 26, 35, 53,6-2, and #1. According to this notation, the first number of each
pair providesthe arithmetic difference taken between the first and second digit, while the second
number describes the difference taken between the second and third digit (see Table 1). The
participants completed 10 repetitions of each of the 48 trial types in a randomized order. The
session consisted of 480 experimental trials. Participants received no feedback on their

responses and were asked to make their judgments as quickly andratefcas possible.
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Tablel
AXB Digit Values for the Increasing and Decreasing Magnitude Conditions of Experiment 1

Condition A X B
Type Magnitude Difference

1-7 26 35 53 62 7-1
Increasing 1 2 3 4 6 7 8 9
Decreasing 9 8 7 6 4 3 2 1

Results and Discussion

Table 2 displays the mean proportion of lesigrt responses for each condition of our
design (in both increasirand decreasing configurationgyherevemeans are provided in text,
thestandard erns are providd in parenthese¥/e submitted the proportion of lorgort
responses for each participant to a 2 (Digit Magnitude Daectncreasing/Decreasing) x 6
(Digit Magnitude Diffeence 1-7/2-6/3-5/5-3/6-2/7-1) x 8 (Interval Timing: 250, 117,+ 84,
andz 50 ms) mixeddesign analysisf variance (ANOVA), treating DigiMagnitudeDifference
and IntervalTiming aswithin-participant factors, and Digit Magnitude Direction as a
betweenrparticipants factor. In this, and subsequent experiments, when violatithres of
assumption of sphericity were observed, Greenh@eisser estimates were used to correct the
degres of freedomAll analyses were conducted using SPSS Statistics for Windows, version 17
(SPSS Inc, 208).

This analysis revealed a significanaim effect of Interval Timingk(1.82, 92.66)%
159.96,p < .001,n p=.76.The proportion of longhort responses decreased systematically as
the pattern timing was shifted from the maaient L-S pattern (150 mdyl =.77[.02]), to the
most séent SL pattern £150 ms;M = .27[.02]).Critically, there was a signifemt main effect of
Digit Magnitude DifferenceF(3.51, 179.20¥ 14.74,p=.001,n p=.22, in which the

proportion of longshort responses increased linearly as the matgdifference shifted from



NUMERICAL MAGNITUDE 31

1-7 (a one digit different between thest and secondumbersiM = .47[.02]), to #1 (a seven
digit difference between éfirst and second numbei;= .56 [.02]),F(1, 51) = 32.54p < .001,
n p=.39. Additionally,digit magnitude direction (increagjrvs. decreasing) had no influce on
the overall trendDigit Magnitude Direction A¥nterval Timing interactionp = .52). Besides the
main effects noted, none of the interans were significantrémainingp > .10), and the
betweenrparticipants main effect of Diglagnitude Direction was nesignificant = .28).

In Experiment 1, it was deterned that variations in the nm@itude of sequentially
presented numbers can ldadiases similar to those witnessed when the physical space between
discrete events was manipulated. We hypothesizedibeduse theepresentations dgime,
space and magnituaeayrely on common mee@mnisms, a discrepancy in nunoat magnitude
should directly impact perceived duration; this hypothesis was confirmed. Additionally, the
directionality of the sequence (increasing vs. dasing) did not modulate the effect, replicating
previous kappaffect studiegAlardsTomalin et al., 2013; Henry & McAuley, 2009} his
provides convergent support for our view that the present results represent a variant of the kappa
effect based othemanipulation of a phenomenological distance (i.e., the space delineated on a
mental numbr/magnitude line). Additionally, it provides evidence against the previously
mentioned alternative hypothesis. This hypothesis predicts that the interval between greater
magni tude stimuli will be therefarepredicbtleatdecraasing® | on g e
magnitude sguences (e.g.,-8-1) shouldexhiii a | ar ger p-sbopotrtioaspdns
than similarly structured increasing magnitsgguences (e.g.;29). This did not occuin
Experiment 2, we replicated Experiment 1 using a sna#t of second occurring (X) digits,
while manipulating stimulus order, such that each sequence either conveyed an ordededr(1

nonordered (21-9) sequence of digits.
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Table2
Mean proporshomt @fr épgmegtsles i n EXx
Digit Digit Interval Timing Difference (in ms)
Magnitude Magnitude 150 117 84 50 -50 -84 -117 -150

Direcion Sequence M SE M SE M SEM SEM SEM SE M SE M SE

Increasing 1-7 ./8 .03 .66 .03 .60 .03 .63 .04 .38 .04 .35 .04 .24 .03 .25 .03
2-6 .70 .04 .71 .03 .72 .04 .61 .04 .44 .03 .30 .03 .30 .04 .24 .03
3-5 .79 .03 .74 .04 .66 .03 .62 .03 .44 .03 .37 .03 .31 .03 .27 .03
5-3 .73 .04 73 .03 .68 .03 .65 .04 .54 .03 .37 .03 .35 .03 .29 .04
6-2 .80 .02 .78 .03 .70 .04 .67 .04 52 .04 44 .04 40 .04 .36 .04
7-1 .79 .03 .74 .03 .72 .03 .66 .03 .58 .04 .41 .03 .35 .03 .31 .03

Decreasing 1-7 .73 .05 .69 .04 59 .05 57 .04 .32 .04 .30 .04 .21 .04 .17 .03
2-6 .76 .04 69 .04 59 .05 .60 .04 46 .05 .32 .04 .25 .04 .24 .05
3-5 .75 .04 72 .04 68 .04 58 .05 .38 .05 42 .04 .30 .05 .24 .04
-3 .80 .03 .74 .03 .72 .03 .62 .04 46 .03 .36 .04 .33 .05 .30 .04
6-2 .76 .03 .73 .03 .68 .03 .62 .05 .38 .04 .40 .04 .32 .05 .32 .05
7-1 .81 .04 .76 .04 .70 .04 65 .04 46 .04 .36 .04 .37 .05 .31 .05

Experiment 2

The results of Experiment 1 demonstrated that discrepancies in the magnitudes of
numerical digitexert biases on interval ddi@n judgments. In an earlier auditory kappa effect
study, it wadound that the degree oitgh-distance between sequential tobessednterval
duration judgments regardlessstimulusorder(Crowder & Neath, 1995)n this study,
Crowder and Neath (1995), used sound sequencedithaot follow ordered asceimd), or
descending pitch trajectories (e.g., the target sound [X] frequency did not fall directly between
the frequencies of the boundary tones [A and B]). If the effect of magnitude on time perception is
analogous to thaudtory kappa effectthen the effect should be robuststomulus order
manipulationsAs in Experiment 1, our goalag to determine whether difearces in numerical

magnitude,woul i nf | ue nc e meatsregardingpedunatios of egcluIDgand
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whether or not this effeetasdetermined in whole, or partially, by the presence of an ordered
stimulus trajectory.
Method

Participants. Forty-two University of Manitoba undergradte students enrolled in an
Introduction to Psychology course at the Unsity of Manitoba participated in Experimie2.
They received partial courseredit for participating. Twentpne were randomly assigned to the
ordered digit segence condition (nine females, 12 matesan ages 20.52 years), and 21 to the
nonordered segence condition (10 femalek] males, mean age2f.67 years)This was done
to reduce the quantity of experimental trials to lower the likelihood of participant fatigue.

Materials. In Experiment 2, only the digits 1, 2, 8, and 9 were used. Despite this
manipulation, the mode of their presentation was identical to that of Experiment 1.

Design and procedureThe procedure for Experiment@lowed that ofExperiment 1
with the exception that sequence order was manipulated as a bgmvéeipants variableOne
group of participants completed a version of the experiment that containenldevad
numerical sequences. These sequences were still marked by large and small magnitude boundary
stimuli, but did notcovey aconsistent increase or decreas numbemagnitude. Partipants in
this condition encountered the digits 1 or 9 as the second occurring digits in four possible AXB
sequences:-2-8, 81-2, 2-9-8, and 89-2. This allowed us to maintain the sanmgitdnagnitude
differences of 17 (for sequaces 21-8 and 89-2) and 71 (for sequences-8-2 and 29-8), while
allowingthesequence order to be disrup{see Figure3 for the ingeasing and decreag
number magnitude stimuli in the ordered condition, and see HMdordahe increasing and
decreasig number magnitude stimuli in the rondered condition Participants in both ordered

and norordered digit sequence conditions responded to sequences that either progressively
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increasear decreased in magnitugaesented in separate blocks of trialbieTpresentation
order of these blocks was counterbalanced across participants. The four AXB sequences were
presented with each of the eight interval timing conditions for a total of 32 trial types. Each trial

was repeated 10 times, for a total of 320 4r{4l60 trials per block).

Ordered Sequences

A X B
Number
Increasing 1 2 8 9
Decreasing| Q 8 2 1
Size

Increasing . . . .
A B C D
Decreasing . . . .
D C B A
C

Color

Increasing

Decreasing . .

D C

W
>

Figure 3. The stimuli used in Experiments 2, 3 and 4 (which include numbers [Experiment 2],
discs of varying size [Experiment 3]. And discs of varyéotpursaturation [Experiment 4]) in
increasing andecreasing directions for ordered sequences.
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Nonordered Sequences

A X B
Number
Increasing 2 1 0 8
Decreasing| & 9 1 2
Size

Increasing . . . .
B A D C
Decreasing . . .
C D) A

o
B

®
;

Color
Increasing .
B A D
Decreasing . .
C D) A B

Figure 4. The stimuli used in Experiments 2, 3 and 4 (which include numbers [Experiment 2],
discs of varying size [Experiment 3], and discs of vargolgursaturation [Experiment 4]
increasing ad decreasing directions for namdered sequences

Results ard Discussion

In Figure5, the effectof Intera  Ti mi ng o n pslortjudgroentpia nt s’
displayed for both ordered and nrordered digit sequence conditions. Additiopathe effect of
Digit Magnitude Diffeence on the proportion of lorghort judgments is displayed in Figie
We submitted these data to a 2 (Digit Sequence©Ordered/Nowrdered) X (Digit
Magnitude Difference:-I/7-1) x 2 (Digit Magnitude Diredbn: Increasing/Decreasing) x 8
(Interval Timing: £150, 117, 84, and 50 ms) mixddsign ANOVA, treating Digit Magnitude
Difference, Digit Magnitudd®irection, and Interval Timing asithin-participant factors and
Digit Sequence Order as a betwgrnticipants factor.

This analysis revealed a significan&im effect of Interval Timingi(2.02, 80.66) =

100.88,p < .001,n p=.72.The proportion of longhort responses decreased systematically as

on
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the pattern shifted in timing from the most salief$ patern (150 msM = .69 [.03]), to the

most séient SL pattern (150 mayl = .27 [.02]),replicatirg Experimat 1.

=

Digit Sequence Orde!
== Ordered
=@==Non-Ordered

o O
o ©

o
\l

© o o o
N W ™ b

Mean Proportion of "Longhort" Responses
o o
S o

o

-150 -117 -84 -50 50 84 117 150
Interval Timing

Figure5. The mean prophnrntritonrefspolncrg -ofdered t he or de

sequence conditions as anftion of the eight timing interval conditions in Experiment 2. Error
bars represent the standard error of the mean for each condition.

Critically, there was the significant main effect of Digit Magnitude Differer¢#, 40) =
14.92,p < .001,n p=.27. Repliating Experiment 1, the progimn of longshort responses was
significanty smaller on 17 trials M = .44 [.02]) than or/-1 trials M = .52 [.02])further
revealing that the degree of numerical magnitude difference acrosslSd SOA?2 acted a

source of bias on the par(deeRgue@nt ' s interval
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o
\l

Digit Sequence Order
== Ordered
=@==Non-Ordered

o o o o
w i o o

Mean Proportion of "Longhort" Responses
o
R

©
[E

1-7 ' 7-1
Digit Magnitude Difference

Figure6. The mean propdhrtritonrefspolnecrg -ofdered t he or de

sequence conditions as a function of the two ntageidifference levels in Experiment 2. Error
bars represent the standard error of the mean for each condition.

As was the case in Experiment 1, there was no main effeagfNbagnitude Direction
(p = .98). Additionally,the betweesparticipants main é&ct of Digit Sequence Order
(Ordered/Nororderedwas nonsignificant(p = .14). Additionally as was the case in
Experimentl, none of the interactions achieved statal significance (remaining=.07). To
summarize, Experiment 2 replicated the fimgli of Experiment 1; interval duration judgments
weredirectly biased by the numerical magnitude difference of the bounding digits, with a greater
difference translating into a longer subjective interval. The goal of Experiments 3 and 4 was to
determine whther variations in the magnitudes of other dimensiockiding size (Eperiment
3), andcoloursaturation (Experiment 4) would induce similar biases on interval duration

judgments.
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Experiment 3

In Experiments 1 and 2, it was discovered that differemceamerical magnitude
contributed to participants’ perception of I
determine whether differences in the physical sizeequentiallypresented stimuli would induce
interval duration judgmentiases similard those witnessefibr numbers (Experiments 1 a@jl
Specifically, we replaced the digits used in our previous experiments with black disesribe
in overall dianeter. It was hypothesized that interval timing would again be biased by the level of
magntude discrepancy of the stimuli bounding that interegladless of direction, oorder.
Method

Participants. Forty-four University of Manitoba undergradte students enrolled in an
Introduction to Psychology course pamiated in Experiment 3. Theyosived partial course
credit for participating. Twentihreestudentsvere randomly assigned to the ordered disc
sequence condition (15 fefeg, eight males, mean agd .52 yars), and 21 to the nesrdered
condition (15 females, six males, mesage =20.14 years).

Materials. All materials ad equipment used in Experimeéhtwere identical to those used
in Experiments 1 and 2, except that the digits were replaced by four black discs. These discs were
varied in overall diameter. In order from smallest tgést, the disssubtended 5.32° x 3.56°
(25 mm x15 mm;Disc A), 7.97° x 5.34° (45 mm x 30 mm; Disc B), 17.44E3x43° (140 mm x
95 mm; Disc C), and 21.06° x 8.36° (160 mrti00 mm; Disc D) of visual angle.

Procedure.The procedure of Experiment 3 wasemtical to Experiment 2. In the ordered
sequence condition, intermediate sized discs (B and C) were always the second occurring
stimulus, while the largest (D) and smallest discs (A) acted as the boundary stimuli. This resulted

in four AXB sequences thatese analogous to the sequences used in theeardeguence
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condition of Expament 2. Specifically, sequences@D and DB-A exhibited a large (115
mm - 80 mm) difference in the diameters of the first two digc€(or D-B) and a small (20
mm - 15 mm) dfference in the diamers of the second two discs-@Cor B-A), and are referred
to throughoutas a LargeSmall disc size difference patns. By contrast, sequence$3AD and
D-C-A constituted trial types which the diameter differendetween the firstwo discs (AB
or D-C) was small (20nm- 15 mm) and the diameter differenoetween the second two discs
(B-D or G-A) was large (115 mm 80 mm)and are referred to as a Sradirge disc size
difference patterns. Increasing and decreasing sequencepresgated in separadiocks, the
order of which was counterbalanced across pp#ius.

In the norordered sequence condition, the middle occurring disc in each sequence was
either the smallest or largest diameter disc (Discs A and Decteggly) withthe
intermediatesized discs acting as boundary stimuli. As in Experiment 2, this manipulation
allowed us to further examine whether these biasgsrobust to manipulations the pattern s
overall trajectory( e. g. , wh et h e r-ordetedSse Fgurd ferthe idcreassig andh o n
decreasing size stimuli in the ordered conditeomd Figured for the increasing and decreasing
size stimuli in the norordered codition). In this case, the four AXB sequengesluded, two
LargeSmall difference sequees (BD-C and CA-B), and two SmallLarge difference
sequences (B-C and GD-B).
Results andDiscussion

Figure7 displays the effectof Inteavl Ti mi ng o n -ghertjudgmenitsfoa nt s’
bothordered and neordered disc spience conditions. Adtionally, in Figure8 we display the
effect of Disc Size Diffeence on the proportion of lorghort judgments. Weubmitted the

proportion of longshort responses for each participant within each condition to a 2 (Disc



NUMERICAL MAGNITUDE 40

Sequence fer: Ordered/Notrdered)x 2 (Disc Size Difference: Larg8mall/ SmaHlLarge)x

2 (Size Directio: Increasing/Decreasing) x 8 (Interval Timingl30, 117, 84, and 50)
mixed-design ANOVA, treating Disc Size Difference, Size Direction and Interval Timing as
within-participant faadrs, and Disc Sequence Order as a betwganticipants factorThis
analysis revealed a significantim effect of Interval Timingi(2.92, 122.48) = 74.86) < .001,
n p=.64.As in previous experimentse proportion of longhort responses decreased
systematically as the pattern shifted in its timing from the most sali8npattern (150 mdyl =

.66 [.02]), tothe most salient-& pattern (150 mayl = .34 [.02]).

=

Digit Sequence Order

== Ordered
=@=Non-Ordered

o
©

o
o

o
\l

© o o o
N w ™ b

Mean Proportion of "Longhort" Responses
o o
S o

o

-150 -117 -84 -50 50 84 117 150
Interval Timing

Figure7.The mean propdhmotiton radfs adtehedandnesfdered

sequence conditions as a function of the eight timing interval conditions in Experiment 3. Error
bars represent the standard error of the mean for each condition.

Critically, there was a significant magffect of Disc Size Di#renceF(1, 42) = 63.50p
<.001,n p=.60. As defined by the relative difference in the diameters between the discs that
defined SOA: 1 and SOA: Zhe proportion of longhort responses was lower on Smakrge

difference trialsi = .42 [.02]) than a LargeSmall difference trialsNl = .60 [.02]). This
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finding confirmed the hypothesis that a relative difference in the size of the stimuli used to form

the boundaries of SOA: 1and SOA: exerted a similar bias for peéa
judgmerts as numerical magnitudsee Figure 8)An interval defined by sequgally presented

discs that were relatively close in their overall diameters was more prone to being labeled as
“short,” while the same i nt e rnthailovecakdiameiezssd by d
was more pronetobeig | abel ed a slly there wag no’maigifector Size o n

Direction (p =.11), nor was there a betweparticipants main effeof Disc Sequence Ordgp (

= .89).

e
3

Disc Sequence Order
=== Ordered
=@=Non-Ordered

o o o o
w N o o

Mean Proportion of "Longhort" Responses
o
R

o
[EEY

Small-Large _Large-Small
Disc Size Difference

Figure8. The mean prophnrtritonrefspolnecreg -ofdred t he or de
sequence conditions as a function of the two size difference levels in Experiment 3. Error bars
represent the standard error of the mean for each condition.

There were severaignificant twoway interactions. First, there was a narrowly
significant Disc Sequence OrdemDisc Size Difference interactioff(1, 42) = 4.23p=.05,n p
= .09; to deconstruct this interaction, a simple effects analysis comparing Ordered to

Non-orderel groups aeach level of Disc Size Diffence (SmaiLarge [SL] and LargeSmall
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[L-S]) was performed. While none of these pairwise comparisons achieved statistical
significance, there was a tendency for Disc Size Difference to bias responses to aggeager
when the stimuli were presented in a toodered configuration. For exgue, participants in the
nonordered group were morneclined tocategorizean SL patt er-lnormag” “(Shegsul t i |
smaller proportiorof long-short responsed/ = .39 [.02]) than the ordered group(= .44 [.02];

p =.16). Likewise, participants in the nandered group were also more likely to label a8 L
patt er ns hesMt 3402 thante ordered grougM = .58 [.02];p =.12). While
nonsignificant, theresult suggests that disc size difference may be more likely to bias interval
timing judgments when theisuli are presented followingnon-ordered trajectorylhis

reductionin temporalsensitivity may result from an inability to predict the upcomogation of

the stimulus as is perceived tanove within threedimensional space (e.g., looming vs.
receding) or responses might be driven by changes in the perceived momentum of the stimuli
This isfurther supported by a significant Disc Sequence Oxdeterval Tinming interaction,

F(2.92, 122.48) = 3.0Q = .01,n p= 07.

To deconstruct this interactiome simple effects were analyzed comparing Ordered
versus Norordered groups at each of the eight Interval Timing lewdse of these Pairwise
comparisons achieved significange=.126), except when there sval50ms interval
difference F(1, 43) = 5.28,p = .05. These patterns were more likely to be classified&s L
when they folloved an ordered trajectori(= .70 [.02]) thara norordered trajectoryM = .62
[.03]). While further studies would needlie done to elucidate this finding, it suggests that
temporal interval sensitivity may be reduced wh#ending to approaching/reged stimuli that

have unpredictable trajectories.
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Last, there was a signtant Disc Size Difference Size Direction inteaction,F(1,42) =
12.23,p<.001,n p=.23. The simple effects comparing Size Direction (increasing vs.
decreasing) at each level of Disc Size Difference revealed thg@iaBerns were more likely to
be cl assi4{obad” asht®sh oasde inpizeN] +.87r[.02]) than evknet
increased in sizeM = .46 [.02]),F(1,43) = 11.03p =.01. Similarly, L-S patterns were more
|l i kely to be-schloasts’i fwiheade decstasddliacadgct .62 [.02]) \ersus
when it increased\ = .58 [.02]),F(1, 43) = 4.16p =.05. The impact of directionality on
interval duration judgments suggests that a decreasing size trajectorggeding stimuli) is
more prongo demonstrating magnitude diference bias than increasingesizajetory (i.e.,
approachingtimuli). It is not entirely clear why this result was obtainaald further
experimentatioms required to determine if it is reliableowever other studies have shown
similar asymmetries for looming and receding sounds, whbaesibeen suggested that there is
an adaptive bias for the heightened processing of approaching environmenta{deehtsf,
2001) Therefore, discrepancies in the measured biases for increasing/decreasing disc sizes may
be attributed to simalr phenomenorkurthermore, there are perceptible limits in terms of how
small a disc could get, but no theoretical upper liddne of the remaining taractions were
significant (remainingp = .09).

Experiment 4

In Experiment 4¢coloursaturation levelsvere manipulated across three
sequentidl/-presentedliscs.Coloursaturation was selected as the primary variable because, like
changes in sizef constitutes a different magude dimension from that of number; however,
unlike size coloursaturation onveys no inherent spal cues regarding visual mavent in

depth. In Experiment 3, the manipulation of disc diameter may have been interpreted by the
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participants as conveying variations along a tteeensional spatial trajectory (e.g.,
approaching vaeceding object)This potential confound was addressed by selecthgur
saturation as the primary variable in Experiment 4.
Method

Participants. Thirty-nine Unversity of Manitoba undergrate students enrolled in an
Introduction to Psychology coursempleted Experiment 4. Theyosved partial course credit
for participating. Twentytwo were randomly assigned to the ordered (15 kesnaeven males,
mean age 49.52 years), and 17 to the nordered (15émales, two males, mean ag2G:14
years) squence conditiondVhile participants were not screened for colour vision deficiencies,
the stimuli were colour constant with only saturation level being modulated.

Materials. The stimuli inthe ordered and neordered sguence conditions consisted of
four blue discs that were centrally presented against a white background. The RBG levels were
manipulated in Microsoft PowerPoint 2010 to create different levedslofirsaturation. The
corresponding CIE Lab valuésr eachcoloured disccan be found in Tde 3. The stimuli
included: (a) Dark Blue (Disc A), (b) Medium Dark Blue (Disc B), (c) Medium Light Blue (Disc
C), and (d) Light Blue (Disc Dgoloured discs. The saturation diffance (given as a percentage)
between the Dark Blue and Medium Dark Blue sljsnd Light Blue and Medium Light Blue
discs, was 29%. The saturation difference between the Dark Blue and Medium Light Blue discs,
and the Light Blue and Medium Dark Blue disc was therefore 71%. All the discs subtended a
visual angle of 18.53% 11.03°.

Design and procedureTheprocedure was identical to pariment 3. By using discs that
varied incoloursaturation level, we controlled the relative difference between successive discs in

the same way that we controlled relative size difference in ExparBn&pecifically, in the



NUMERICAL MAGNITUDE 45

ordered sequence condition, the medium blue discs (B and C) were always the second occurring
stimuli, while the lightest (A) and darkest (D) blue discs were presented as the boundary stimuli
(i.e., A-C-D, D-B-A, A-B-D, D-C-A). In non-ordered sequences, the medium blue discs were
presented as the boundary stimuli, whereas the lightest and darkest blue discs were used as the
seond occurring stimulus (i.e.,-B-C, GA-B, B-A-C, GD-B). See Figur& for a graphical
comparison of in@asing and decreasicgloursaturation stimuli in the ordered condition and
Figure4 for the nonordered condition.

Table3
CIE LaB values for coloured discs

Colour L a B
Light blue 74 18 40
Medium light blue 58 34 65
Medium dak blue 38 66 98
Dark blue 32 79 108

Results andDiscussion

Figure9 displays the main eff¢eof Interval Timing on partic p a n t -short judgnrets
for both the ordered and namdered disc sequence conditions. Additionally, Figurdisplays
theeffect of Disc Saturation Difference on the proportion of ishgrt judgnents. We submitted
the proportion of longshort responses for each participto a 2 (Disc Sequence Order:
Ordered/Norordered)x 2 (Disc Saturation Differerc LargeSmall/SmalLarge) x2
(Saturation Magnitude Direction: Increasing/Decregsin8 (Interval Timing: 150, 117, 84,
and 50 ms) mixedlesign ANOVA, treating Disc Size Difference, Saturation Magnitude
Direction, and Interval Timing as withiparticipant factors and DisSequence Order as
betweenrparticipants factorThis analysis revealed a significant main effect of Interval Timing,

F(2.97, 109.93) 405.74,p < .001,n p=.74. This main effect was characterized Isystematic
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decrease in thproportion of longshort responseas the pattern was shifted in its timing from the
most saknt L-S pattern (150 mdyl = .74 [.02]), to he most salient-& pattern (150 mayl = .28

[.02]).
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Figure9. The mean pr opdrotritdn rcfs p‘olnsreg -ofdered t he or de

sequence conditions as a function of the eight timing interval conditions in Experiment 4. Error
bars represent the standartbeof the mean for each condition.

Critically, there was a significant main effect of Disc Saturation Differdrde,37)=
17.54,p < .001,n p=.32. When the difference in tl®loursaturation of the discs bounding
SOA: 1 were greater than the difference bounding SOA: 2, there was a higher pragfortion
long-short responsedA = .55 [.02]) than when the saturation difference of the disoadiog
SOA: 1 was smalljl = .47 [.02]), replicating Experiments 1, 2, a®isee Figure 10)
Interestingly, whileColour Saturation Direction had no impact the proportiorof L-S
response§p = .56), and there was no betwegarticipantanain effect ofDisc Sequenc®©rder
(p = .43),there was a significant Magude Difference (Disc Saturation DifferencePDisc

Sequence Order interactidf(1, 37) = 5.27p <.05,n p=.13.
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To deconstruct this interactiothe simple effects were examined comparing Ordered
versus Norordered sequences each level of Dis€aturation Difference (291, 71-29). The
analysis revealed a significant difference between how Ordered@ndrdered groups
responded to 291 (SmaliLarge saturation differences) patterigl, 38)=4.19,p = .05. In this
circumstance, participants in the N@mdered condition were more inclined to classify the
pattern as & (M = .43 [.12]) than participdas in the Ordered conditiohi= .50 [.02]). The
same analysis conducted for-Z2 (LargeSmall saturation differences) was reignificant o =
.38). To some degree, this result mirrors the Disc Size Differeisc Sequence Order

interaction discovereth Experiment 3; paitipants were slightly more atined to rely on

magnitude difference when making a subjective interval timing judgment, when the pattern

followed a norordered versus ordered trajectory. None of the remaining interactions were

statistcally significant {emainingp = .18).
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sequence conditions as a function of the two saturation difference levels in Experiment 4. Error

bars represent the standard eradrhe mean for each condition.
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General Discussion

The primary goal of the studiiscussed in Chapterwas to establish whether variations
in the magnitude of numbersas well aghesize andcoloursaturation otisualdiscs—
betweersequentiallypresated stimuli-impacedjudgments of interval duration. Previous work
in this domain has revealed that numbaesy berepresenta spatially along a mental nubrer
line, and organized accordingriamerical magnitude. For exate, studies on the SNARC
effed provide compelling evidenade favorofp e o p | e s’ meetallyd represent t o
increasing digit quantity spatially, from le@-right (Dehaene et al., 1993; Gevers et al., 2003)
There is also a wealth of evidence thatgments oblankinterval duration are dependent on the
amount of physical distance used to separate sequentially presented stimuli, resulting in the
kappa effec{Cohen et al., 1953While it is known that physical distance can interact with and
influence timing judgments, it has yet to be established how muagndirectly biases interval
timing. The current experiments addressed this question. In Exgedrh and 2, the degree of
magitude dscrepancy between sequentigtisesented numbers was found to contribute a bias to
the perceived duration of the SOMT s t ook the form of increased
judgments for intervals marked by stimuli exhibiting a greater degree of magnitude difference.
Moreover, this effect ianalogous to previously denmgirated kappa effects in that it did not
depend orthe directionality of the sequence (i.e., whether it increased or decreased); and
occurred regardless of whether the sequence followed an orderedandeoed
stimulustrajectory.

Experiments 3 and 4 further established that this phenomenon occurstiveen
magnitude dirensions (size ancbloursaturaion, respectively) arsimilarly manipulated. In

total, these findings support the theory that an experientially determined, mental magnitude line
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not only impacts spatial processing (i.e., SNAB&ct) ut also influences judgments of
duration (i.e., kappaffect). Additionally, we found evidence against the hypothesis that a blank
interval between greater magnitude events (e-§.)9 wi | | be judged as “1 on
one separating lesser matgiie events (e.g.;2). There is also some evidence to suggest that
stimulus order can have an impact on interval timing in some magnitude dimensions (e.g., size
andcoloursauration), with norordered trgectories leading to enhanced response biaaesl
on magnitude similarity

The interaction witnessed ihis study between stimulus nmatyide and perceived
interval duration is likely a component of a broader class of cognitive phenomena, the
implications of which could be very useful for guiding ondarstanding about the way we
organize information to take advantage of dimensional overlap to maximize efficiency. In the
early stages of processing, stimuli that exhibit perceptual similaritiesgaloser in spatial
proximity, may becoméntegratedenhanang processing efficiency. For examplegmy, Segal,
andRuderman 2006)found than an unattended background pattern (composed of discrete white
squares) facilitated bh’e *“dce” eccrt i“own” )ofwhae n atrhge
symbolsvisually matched. Similarlyas proposed by Gestalt psycholog{&éhler, 1947;
Wertheimer, 1961)elements presented in succession that exhibit close temporal proximity may
also bind ogether to enhance pattern detection, a process that may have unintended
consequences on tempojadigments For example, the annatic binding of
dimensionallyrelated information can reduce reaction times when attemptipgrée@l out one of
those dimesons resulting in Garner interferen@g.,judgingline length will be influenced by

t he | i n@arner, 1976;dPonterantz & Garner, 1973)
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Similar interference may occur when people are making judgrabotgstimulus
magnitude. For example, when judging visual bimgss, a concurrent, incongrtisound (e.g.,
bright objectlow pitch) can impede reaction tim@darks, 1987) Similarly, people have
difficulty disentangling information about the frequency of a sound (e.g., when making pitch
judgments) from its vertical locatidh. C. Leboe & Mondor, 2007)Vhen participants are asked
to make judgments about the different font sizes of digits, they also ety discounting
i nformati on ab ou t(Henik&erzeov,gld82gndsaremm@ablento discodne
information dout the relative size of circles when making judgments about the number of circles
in an array(Hurewitz, Gelman, & Schnitzer, 2006)

We propose that crosBmensional interference effects may be reflective of a process in
which the close associations formed between magnitude dimensions, as a function of experience,
are used to facilitate processing.rlexample, under normal circwtances, the presence of
“More” on any one diomerugi ovi tdf tteveatettdmedston. tacn d
For exanple, a person approaching from some distance who is also sge&akisimultaneously
cast a progressively increasing retinal image concurrently with an increase in the relative pitch
and volume of their voice. Therefore, if one dimension is apsemaccessible, an increase in
any of the other dimensionscandtle used to draw inferences abol
space. Aditionally, pe@le may substitute information from a more precise stimulus dimension
(e.g., variations in space) when judging a less precise domain (e.g., approximating the passage of
time). As a result, kappa and SNARC effects could both beatgfe of a phenoenon, in which
information from one dimension is cognitively imported to fill in the gaps of a missing or

imprecise dimension.
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Theoretical accounts that treat stimulus properiesss multiple dimensions as relying
on the same underlying neural structures already exist. Most relevant for the current purposes is
Walshs (2003)ATOM framework. By that account, time, distance and quantity are all
represented according to their relative magnitudes within the canieal metric. The role of the
intraparietal sulcus in processing different quantitative dimensions has been well established in
the brainimaging literature. However, it is unresolved as to whether this system converts all
incoming quantitative informatn — including information about the magniwidf numbers-
into a common, utkerlying abstract magnitude code. Present biraaging research generally
supports this interpretation, for example, there is overlapping intraparietal activation when
participans make quantitate conparisons across a variety of magnitude dimensions, including
Arabic digits, line length, degree of angle, size and luminéfies, Lammertyn, Reynvoet,
Dupont, & Orban, 200Finel et &, 2004) Additionally, an fMRI adaptation paradigm found
that repeated presentations of both symbolic (digits) anesymolic (item arrays) quantities
suppress actation in overlapping intrapaial regiongPiazza, Pinel, Le Bihan, & Dehaene,
2007) However, it would be presumptuous to assume that similar behavioral effects withessed
across different magnitude dimensi@msindicative of a single abstract magnitude code. The
inability to distinguish distinct neural populations encoding for speaifignitudes may largely
be due to equipment insensitivities and experimental paradigms that lack the statistical power to
be able to elucidate these differen{s=e,Cohen Kadosh & Walsh, 20Q9)

As a counterpoinsome evidence has demonstrated differences in how the brain
represents numerical information presented in different notations and modBétrds
Kanwisher, & Spelke, 2003; Campbell & Epp, 2Q0d)erefore, we do nauggesthat our

results are indicative of a singular abstrmagnitude code that uses the same underlying neural
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architecture to represent all magnitude dimensioutstdiher a similar represetitmal format, in
which magnitudenformation across different ndalities and dimensions is similarly organized

and s$ructured.

Conclusion
The current study demonstrates that variations in magnitude (lwainmepresentatign
size, anctoloursaturation) can bias judgments of interval duration similarly to variations in
physical distance. We therefore conclude that BNARC and kappaffects are rooted in the
same cognitive phenomenon, in which dimensional interference extends across spatial, temporal

and quantitative dimensions.
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Perceptual Interactions betweerDimensions

In Chapterll, | proposed that peopieill factorin information regarding absolute
magnitude similarity for the eventt®rderinga blank— uninformative— interval when judging
thedurationof thatinterval A process analogous to the application of Gestalt grouping
principles based on form similyi— a perceptual organizational skill developed by the age of
three monthgQuinn, Bhatt, Brush, Grimes, & Sharpnack, 20@2)stly, and most importantly,
it was noted that there wesemilar biasesicrossall 4 experiments despite manipulatutifferent
stimulus dimensiasin eachwhere ggreatemagnitudedifferencetranslated into a greater
proportion of longeresponses when judgimgtervalduration This tendency was preseshen
thesequencefcevents progressively increaseddecreased in magnitudar followed
orderednon-ordered trajectories.

Thefindingsfurthersuggestdthatkappaeffectsmay— at least partially- be theresult of
peopleemploying a similarity heuristic when judgingrdtion. Furthermore, if the
aforementionedhteractiors between time and magnituda which larger numbers are perceived
as lasting for longer durations than small numhsrdriven by an increase in pacemalae
during the presentation gfeater magitudeeventsthenthere should have been an increased
proportion of L-S responses on decreasing{4) trial types This is predicted becautige onset
eventin a decreasing sequen@® should have increaselde pacemakeér sutput which then
should hae extended the blank interval immediately followifrgstead, it was found that
1-digit difference betweesuccessiveumbers generated a greater proportion-bf(Shortlong)
responsesegardless othe magnitudeof those eventg-urthermore, if Rppaeffects areentirely

bottomup in naturethe bias should have been limited to only4sgmbolic— physical
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magnitudedimensionswe would not have anticipated analogous perceptual phenomena across
both symbolignumber)and norsymbolic dimensiongsize,coloursaturation)

The resultsuggest thapplication of asimilarity heuristicwhen judgingheintervak of
time betweersuccessiveventsby computinghe degreef absolutanagnitude difference
betweerthe events bounding the intenaald weightinghe duration judgment based on that
difference.

In Chapter Il] | examin&l whether the tendency to usembemagnitude to indethe
durationof an informative (i.e., filled) intervas a temporal bias that is elicited through
variations in the functiongpof a pacemaker, or if it igflective of a more generdlexibly
applied,heuristic in which number magnitude is incorporated, iatwl used to anchor,
judgments regarding other magnitude dimensitm&€hapter 1) | tested the effect that number
magntude has obasicsound intensityudgments If a standard heuristic is being applied, a
sound should be categorized@asdermore frequently when paired with a large number versus a

smallnumber
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Alards Tomalin, D., Walker, A. C., Shaw, D. M., & beeMcGowan, L.C. (2015). Is 9 louder than 1? Audiovisual
crossmodal interactions between number magnitude and judged sound louslctesBsychological 60, 95103
doi:10.1016/j.actpsy.2015.07.004

Chapter Il : Number Magnitude and Sound Loudness

The ewironment continually poses demandsoambasic cognitive and sensory
subsystems, in which information must be organized, and integrated across modalities and
dimensions to form coherent, representapigeceptof the world in which we live. For example,
our ability to process motion depends on the integration of information across multiple sensory
streamgSotoFaraco, Kingstone, & Spence, 2008)ir sense of taste is impacteddmjour
(Spence et al., 201,0)hile speech comprehension is impacte@dycurrentiisual information
(McGurk & MacDonald, 1976; Munhall, Gribble, Sacco, & Ward, 1998hile examples of
crossmodal influences on perception are numerous, in all cases, transfer effects have
demonstrated that information from one modality can be used to nfakergfinferences about
a related- but discrepantstimulus dimension, presented in a different modality.

In Chapter 11,1 wasinterested in how people might adaptively osggnitude
information from visuallypresented symbolic numbers (i.e., Arabigitd) when judging the
intensity of a sound. While sound intensity may appear largely unrelated to number, it should be
considered that numbersvhen presented a#sabic digits— are typically associated with
changes in sound intensity in our environm&vhether it be on a volume knob attached to an
amplifier, or the digitalread ut when adj usting you<largegromput er s
numbers are typically indicative of increased volume, and small nundeereased volume.

If it is the case thahtough experience we form a wide array of mesialrtcuts to
reduce cognitive load, and improve efficiency; the presence of numerical information under

regular— unconstrained- situations, is likely to be useful when reporting on the intensity of a
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sourd. Therefore, the presence of relatively large numbers should elicit biases toward reporting
greater sound intensity.
Generalized Magnitude System

The potential interaction between symbolic numbers and sound intensity, may be the
result of both dimensiorsharing a common representational neural metric, within a generalized
magnitude sstem (see A Theory of Magnitude ATOM) (Bueti & Walsh, 209; Gallistel,

2011; Holmes & Lourenco, 2011; Walsh, 2008)me evidence in favor of this perspective
implicates thentraparietal sulcus (IPS) as the locus for a generalized magnitude system, which
is commonly activated when people process magnitudenation in a variety of formats,

including nonrsymbolic (numerosities) and symbolic (Arabic numerals, number words) numbers
(Eger, Sterzer, Russ, Giraud, & Kleinschmidt, 2003; Piazza, Izard, Pinel, Bihan, & Dehaene,
2004, Piazza, Pinel, Le Bihan, & Dehaene, 2088sedn these findingst has been proposed

that the IPS hosts a generalized, notation independent representation of {ehlaene, 2008;

but seelLyons, Ansari, &Beilock, 205). Additionally, this metric is thought to subserve the
representations of a wide array of other continuous and discrete magnitude dimevtsns
include (but are not limited to) the dimensions of time and space.

To understand how thidatract magnitude code works, we must first understand that
magnitude is coakby neurons with monotonic raiteensity output functions (i.e., they exhibit
spiking rates that increase with stimulus intensity). The outputs of these neurons are thought to
feedforward onto neuronthatare tuned to respond to specific distalues (e.g., numerosity
detectorsPehaene, 2008; Nieder, Freedman, & Miller, 2002; Verguts & Fias, 2084)tuning
curves of the neurons that prefetially respond to a specific value flatten as the distal value

increasesresulting in reduced perceptual sensitivity at higher intensity |¢xttaan, Pelphrey,
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& Meck, 2011; Cordes, Gelman, Gallistel, & Whalen, 2Dé&haene, 208) 2008) One

aftereffect of this organizationishat one’ s abil ity to detect a p
stimuli (thejust noticeable differenceyorsens as the intensity levels of the compared stianeli

i ncreased ( sDemengy2d3mrsupport bf ATWOM, a widarray of perceptual

di mensions have been found t o c(Gibbbnoetam1384 Webe
Meck & Church, 1983)nonverbal numberg¢Cordes et al., 2001; Gallistel & Gelman, 1992,

2000; Whalen et al., 1999ymbolic numbe(Dehaene, DehaedAsambertz, & Cohen, 1998;

Moyer & Landauer, 1973; Moyer & Landauer, 19630d even sound loudnd&nudsen, 1923;

Miller, 1947; Riesz, 1928kuggesting that they may all be organized using a common

representatinal framework.

In further support of thiperspective, a variety of credgmensional transfexffectshave
been found between symbolic numbers and other magnitude dimensions. For example, the
magnitudes of taskrelevant symbolic numbers can impactgutents about physical size or
length(de Hevia, Girdl, Bricolo, & Vallar, 2008;Henik & Tzelgov, 1982; Viarouge & de
Hevia, 2013) numerosityNaparstek & Henik, 2010yuration(Alards Tomalin, Leboe
McGowan, Shaw, & Lebe&icGowan, 2014; Kiesel & Vierck, 2®; Oliveri et al., 2008;

Vicario et al., 2008; Xuan et al., 2009, 200and luminance (i.e., brightneg€ohen Kadosh et
al., 2008; Cohen Kadosh, Henik, & Walsh, 200ut seePinel et al., 2004)Furthermore, they
may ako interfere with basic spatialotor actions, including the performance speed ofveft
right-handed responséDehaene, Bossini, & Giraux, 1993; Nuerk, Wood, & Willmes, 2005)
and precision motaresponses (pinch vs. whole hand grasps), as well as grip aggértdres,
Ostry, Nicol, & Paus, 2008; Lindemann, Abolafia, Girardi, & Bekkering, 2007grefore,

proponents of the ATOM fraework, might suggest that credsnensonal biases elicited from
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numbers on sound intensity judgments would demonstrate eviohefas@urof a
crossdimensional representational framewdor magnitude.
Numerical Anchoring

Another interpretation that may be able to accountifepotential tansfer effect of
numerical magnitude when judging sound amplitude comes from the heuristics and biases
approach to cognition. Numerical anchoring is a basic cognitive phenomenereintask
irrelevant numbers are used as referémtstarting pointsfor making various decisions
Assimilative anchoring is said to have occurred when an estimate is pulledsambeirection
of theirrelevantn u mber ' s magni tude. For example, when g
number of African countries in thénited Nations, the estimates provided tend to be greater if
the anchor value was initially a larger number (digher/lower than 100versus a smaller
number (e.g.higher/lower than 1P(Tversky & Kameman, 1974)interestingly anchoring
occurs even when it is obvious that the anchor is unrelated to the target task. For example, the
magnitude of numerical anchors may be generated through obviously random events, like a
wheelof-fortune spinlChapman & Johnson, 1999; Tversky & Kahneman, 1,94 )may be
entirely incidental, I|ike the numbeats of one’
valuationg(Ariely, Loewenstein, & Prelec,2003) or an athl ete’ s jersey I
athletic performance judgmer(@ritcher & Gilovich, 2008)In eithercase, attending to large
numbers tends to facilitates higher overall estimates. Furthermore, for anchoring effects to occur,
all that is generally required is that the person pay sufficient attention to the anchor value. For
example, participants that$irmade an unrelated magnitude judgment about a number (e.g.,
judging an ID number dswer/higher than 1920 prior to making an estimation judgment (e.qg.,

estimate the number of physicians in the phonebook) were influenced by the numerical



NUMERICAL MAGNITUDE 59

magnitude oftie anchor despite not directly comparing their estimate aga(ugiison,
Houston, Etling, & Brekke, 1996)

Researchers haverthersuggested that assimilative numerical anchoring is a
phenomenon driven by people relying on the absolute valaeysfumerical information stored
in shortterm memory(Kahneman & Knetsch, 1993; Wilson et al., 1996; Wong & Kwong,
2000) Furthermore, the Anchoring as Activation approach posits that the mere presence of the
anchorin shortterm memorywill facilitate the activation of features that are held in common
with the anchara form of confirmation biasAs noted byChapmarandJohnson(1999)
“ .anchors have their effect because decision makers consider reasons why their value for the
target item is like the anchor, but show relative neglect for reasons why their value for the item is
unlike the ancar”  ( p . 121). Therefore, the anchor wil/l
have reason to attend to the numerical anchioile storingsome aspect of that value in
shortterm memory. We therefore propose that when participants have sufficient teadtend
to, and process the magnitude of a number presented prior to the target sound (e.g., the number
and sound occur simultaneously [Experim@&nor the participant is required to hold the number
in short term memory [Experimeid}), then the numér will function as an anchor and bias
judgments in the same direction as the numerical value. However, when participants have no
reason to attend to the digit (e.g..,6)it occur
people will actively discouror ignore it, thus reducing/eliminating any anchoring effects.
Furthermore, the fact that the target task is perceptual in nature (judging sound intensity) is
largely irrelevant, as anchors have been found to bias a wide variety of jud¢matraage
from estimating weights, to general/factual knowledge estimates (e.g., estimate length of

Mississippi river), probability estimates, legal judgments (e.g., length of a prison sentence),



NUMERICAL MAGNITUDE 60

purchasing decisions, and sefficacy assessmentf®r a recent review seEurnham & Boo,
2011)
Current Study

Interestingly, while interference effects betwerimber magnitude and other visual
dimensions have been widely demonstrated, fewer studies have examined the presence of these
kinds of interactions using a cres®dalexperimentalparadigm, and to our knowledge, no
studies have been published to datewhether sound intensity judgments are influenced by
visually presented numbers. In one recent, noteworthy stuags found that participants
tended to spontaneously generate a higher proportion of large magnitude numbers when listening
to high intendly versus low intensity soundkleinemann, Pfister, & Janczyk, 2013)

In the current study we examined the opposite interaction, whether or not visual numbers
elicited biases on the perceived inténsif an otherwise unrelated sounle predicted that
visual magnitude information (in the form of symbolic numbers) would exert-onogsl biases
on a basic sound intensity judgment taslespite being task irrelevanin a manner consistent
with assimlative anchoring. Furthermore, we have attempted to set the foundation for a new
account of these phenomenon by contrasting the generalized magnitude framework against a
theoretical account that emphasizes the adaptive use of numerical informationoais anch
perceptual tasks. To this end, participants were asked to compare the intensity of a target sound

against an earlier heard reference sound.

Experiment 5
In Experimenb, the reference event consisted of a steady tone, while the target event
consisté of a tone that was either 10% higher or 10% lower in intensity that was paired

(occurred concurrently) with a symbolic number. The primary task was to categorize the target
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tone as eithdouderor quieterthan an earlier reference tone. In this casgas predicted that,
due to the close temporal proximity of the number with the sound, it would be difficult for the
participants to ignore the numerical value, allowing them to use it as an anchor when gudging
sound mitensitylevel
Method

Participants. Twenty-nine University of Manitoba undergraduate students enrolled in an
Introduction to Psychology course participated in the experiment in exchange for partial course
credit, 20 of which were female (9 male). The mean age of tbigogvas 19.21 (SD 3.51).
The participants selfeported normal, or correcteéd-normal hearing and vision. The study
received prior approval by the University of Manitoba, Fort Garry Campus Research Ethics
Board. All participants provided informed consent prior to padiong.

Materials.

Sounds and image#\dobe Audition 3.QAdobe Systems Incorporated, 20@djtware
was used to synthesize the sounds used throughout thet @tadyy which were generated with
a sampling rate of 44,100 Hz (b&). The sounds used were based on a sine wave, and were 500
ms in duration, with a frequency of 250 Hz. The reference tones had three possible intensity
levels REF1: 81.96 dBREF2: 8296 dB,REF3: 83.96 dB), while the target tone was either
10% louder, or 10% quieter than the reference tone, resulting in 6 possible target tone intensities.
All of the sounds had 10 ms amplitude ramps to eliminate onset/offset dliekslumbers were
all single digit Arabiddigits that were eitheless tharb (1, 2, and 3) ogreater tharb (7, 8, and
9). For each trial, these numbers were presented at the center of the screahtearid 3.3° x

2.6° degreesf visual angle.
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Computer systemAll of the sounds were presented through Maxell HRINC
noisecancellation headphones with a sensitivity of 102 dB, and a frequency response range of
10 Hz-28 kHz. The stimuli were presented uskgrime 2 software(Psychology Software
Tools, 2012yun on 5 PCs. These PCs were installed \itel Core 2 Duo E8400 @ 3.00 GHz
CPUs, with 3.18 GB of RAMindIntel Q45/Q43 Express Chipset el cards. Connected to
each PC was an LG W2442 PA Flatld®D monitorwith a screemesolution of 20 x 1080
pixels, 32 BitColourDepth and a 661z screen refresh rate.

Design and pocedure. The participants were given instructions on the task, and then
seltinitiated the experiment by pressing the spacebar (see FifyyeQn each trial, following
the presentation of a 500 ms fixation cross, a reference sound was heard (without any
accompanying visual stimuli). Following the offset of the referencedsabare was a 750 ms
inter-stimulus interval (ISI), followed by a synchronized target sound/number pairing which
lasted for 500 ms (total trial duration = 1,750 ms). After the offset of the target sound/number
pairing, the participants were promptedto@gor i ze t he t arligwerorsound’ s

quieterthan the reference sound by usingltrendQ keyson the keyboard, respectively.



NUMERICAL MAGNITUDE 63

A. Experiment 5 B.Experiment 6 C.Experiment 7
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Louder=L
Quieter = Q

Louder =L
Quieter = Q

Louder =L
Quieter = Q

Type in
number you
saw __

25% of trials

Figure 11. Experimental procedures for Experimebt$ and?7.

The 6 target sounds wepeesented with small (1, 2, 3) or large (7, 8, 9) magnitude
numbers. This resulted in 36 total trial types, which were repeated 5 times resulting in a total of
180 randomized trials per block. The experiment included two counterbalanced blocks of trials.
In one block (Experimental), the target sounds were paired with numbers, while in the other
block of trials (Control), the target sounds were paired with jumbled number images (see Figure
12). There were a total of 360 trials per sessB®SS Statisticsggkage version 17 was used to

analyze all of the reported dq&PSS Inc, 2008)

Number Magnitude
Small Large

Block
EXP CTRL EXP CIRL

1 %7 %
2 L |8 R
3%[9 R

Figure 12. Experimental stimuli (EXP) and Control stimuli (CTRL).
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Resultsand Discussion

Table4 displays the average proportionlofid responses for each Reference Intensity
(REF1, REF2, REF3) x Target Intensity (10% louder vs. 10% quieter) x Number Magnitude
(Small [1, 2, 3] vs. Large [7, 8, 9]) x Block (Experimental, Control) factor. These vakres
submitted to a 3 x 2 x 2 x 2 withparticipants, repeatetieasures Analysis of Variance
(ANOVA). Wherever means are providedtext, standard errors are given in brackets.
Greenhousé&eisser estimates were used to correct the degrees of freedonaiatagons to the
assumption of sphericity weadserved throughout the study.

Table4
Mean Proporeéerd oReogomdeuudin Experi ment 5

Target Intensity
Loud (10%) Quiet (10%)
Reference Number Magnitude
Block Intensity Large Small Large Small

EXxp. REF1 M 77 .68 17 15
SE .03 .03 .03 .03

REF2 M .89 .87 .34 .30
SE .02 .02 .03 .03

REF3 M .96 .90 .58 .55
SE .01 .02 .04 .03

Controo REF1 M .74 73 .16 A3
SE .03 .03 .03 .03

REF2 M .88 .90 31 .28
SE .02 .02 .04 .04

REF3 M .93 .94 57 .56
SE .02 .02 .04 .04

Note.M = mean SE= standard error of the mean
First, there was a significant main effect of Number Magnitade 28) = 11.30p =

.002,n p=.29 When target sounds were presented simultaneously with large numbers, those
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sounds were judged &mudermore frequentlyil = .61 [.02]) than target sounds presented with
small magnitude numberb(= .58 [.02]). Furthermore, there was a significBlumber
Magnitude x Block interactior(1, 28) = 8.84p < .01,n p=.240 (see Figur&3).

To deconstruct this interaction, Pé$bc pairwise contrasts were run comparing the
mean proportion adbuder responses provided for Large versus Small magaitligits
separately for Experimental and Control blocks. In the Experimental block, the proportion of
loud responses were significantly greater when the target sound was paired with a large number
(M = .62 [.01]) versus a small numb&d € .57 [.02]),F(1,28) = 28.76p < .001,n p=.51. In
the Control block, there was no significant difference in the proportitsudfresponses
provided to small versus large magnitude jumbled numipers48). Therefore, when the
number and target sound were synchronized, sound intensityfundg were biased in the

directionof themagnitude of théask irrelevant number.

Number Magnitude
osmall

o
o
g

Elarge

Mean Proportion "loud"
o o o o
o o aw 92 o
B (o] [e¢] (o] N

o
Qa
N

0.5

Experimental ntrol
pe etaBIOCkCoto

Figure 13. Experiment 5: Number Magnitude x Block interaction. Small (humbers 1, 2), large
(numbers 8, 9). Error bar represent the standard @irthe mean (SEM).

Secondthe analysis revealed a significant main effect for Reference Int&i$ig/7,

35.44) = 153.71p < .001,n p=.85. This main effect was characterized by a proportional
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increase inoudresponses as reference sound amplitude was increased: REF24 [.02]),
REF2 M = .60 [.02]), REF3M = .75 [.02]). There was also a main effect of Target Intensity
F(1, 28) = 297.09p < .001,n p= .91, caused by participants producing a greater proportion of
loud responses for 10% louder targets< .85 [.02]) versus 10% quieter targetd £ .34 [.03])
This indicates that the participants were successful at distimggibetween the selected sound
intensity levels.

Third, there was a significant Reference Intensity x Target Intensity inter&g2056)
= 55.98,0 < .001,n p=.67 (see Figuréd4A). To deconstruct this interaction, we converted the
mean proportionfdouderresponses into proportional Target Intensity difference scores and
then collapsed across all of the variables except for Reference Intensity (REF1, REF2, REF3),
which were compared. The difference scores were calculated by subtracting the rpegiopro
of louder responses provided to 10% quieter targets (Q) from the mean proportion of louder
responses provided to 10% louder targets (L). The resulting metric is reflective of sound
intensity categorization sensitivity, with larger difference ssamdicating a higher level of
sensitivity when discriminating between quiet and loud targets. The Target Intensity difference
scores for each of the three levels of Reference Intensity were compared usingay one

repeated measures ANOVA.
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A. Experment 5. B. Experiment6. C. Experiment?.
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Figure 14. Reference Intensity x Target Intensity interactions in Experiments 5, 6 and 7. Error
bar represent the standard error of the mean (SEM).

There wee significant differences in the Target Intensity difference scores for each level
of Reference Intensitys(2, 56) = 55.98p < .001,n p= .67 (see Figuré5). PostHoc contrasts
revealed that these differences were such that REFL.67 [.03]) and REE (M = .58 [.03])
were statistically identicap(= .66). There were however significant differences between REF1
and REF3 N = .37 [.03])F(1, 28) = 89.09p < .001,n p= .76, and between REF2 and REF3,
F(1, 28) = 73.94p < .001,n p=.73. This indicas a significant drop isound intensity
categorization sensitivity when the reference intensity was increased from 82.96 dB (REF2) to
83.96 dB (REF3), a result predicted by Weber’

interactions were nossignificant (renainingp = .08).
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Reference Sound

Figure 15. Intensity difference scores: the mean proportion of loud responses for 10% Quieter
targets (Q) subtracted from the mean proportion of loud responses for 10% Louder targets (L);
lower values indicate reducedsdriminability.

While it is interesting that number magnitude can exert amazsal biases osound
intensity it is not entirely clear what the source of this bias is. While the ATOM perspective may
propose that it is reflective of a common underlying nitagle code that is representative of
both numerical magnitude and sound intensity, it is also possible that people may be using the
irrelevant number as an anchlvanenmaking perceptual judgmesdbout sound intensity.

In Experimen, we attempted to dentangle these accounts by modifying the
experimental procedure, presenting the number immediately prior to the target sound rather than
having them occur simultaneously. In this case, by having the number and sound occur

independently, the participantsudd selectively ignore the numerical information and attend

only to the target sound.
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Experiment 6

In Experiment, we used a procedure similar to a basic priming paradigm. In doing so, a
taskirrelevant symbolic digit was presented immediately prigh&otarget soundactingas a
prime. Previous work using similar priming procedures have found that responses to symbolic
numbers (judging magnitude, or parity) tend to be facilitated when primed by congruent
magnitude information presented in another tota like a number word (TW@, 2)
(Naccache & Dehaene, 20f)Naccache & Dehaene, 20§)1or everby an animahamethatis
conceptudl congruenwwi t h  t he numL©ONA 9, Gabay LreibovichdHenik, &
Gronau, 2013)These findings havall been used to support the theory of a common atistr
code for representing various magnitude dimensions. If sound intensity and number magnitude
are relying on a common magnitude code, sound intensity responses should be primed in the
same direction as the magnitude of the earlier viewed number. Aletgaif information held
in shortterm memory is being used as an anchor, separating the events should enable the
participants to discount the irrelevant numerical information; allowing the sound intensity
judgment to be grformed unbiased.
Method

Participants. Twenty-six University of Manitoba undergraduate students enrolled in an
Introduction to Psychology course participated in the experiment in exchange for partial course
credit, 24 were femaj@and2 weremale. The mean age of this group was 18313 £ 1.34).

Materials. The same PC and softwarsed in the previously reported experimeaete
used throughout.

Design and pocedure. Experiments used the same procedure as Experirbemth one

change, the synchronization of the irrelevant numberanget sound events. In Experimént
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the events were offset so that the number directly preceded the onset of the sound on every trial,
and thus acted as a prime, instead of as@ccarring event (see FigurdB).
Resultsand Discussion

Table5 displaysthe average proportion @duderresponses for each Reference Intensity
(REF1, REF2, REF3) x Target Intensity (10% louder vs. 10% quieter) x Number Magnitude
(Small [1, 2, 3] vs. Large [7, 8, 9]) x Block (Experimental, Control) factor. These values were
subsequently submitted to a 3 x 2 x 2 x 2 witparticipants, repeatetieasures ANOVA.

Table5
Mean Proporeéerd oReogomdeuudin Experi ment 6

Target Intensity
Loud (10%) Quiet (10%)
Reference Number Magnitude
Block Intensity Large Small Large Small

Exp. REF1 M .70 .69 19 .18
SE .04 .04 .03 .03

REF2 M .86 .81 .33 .36
SE .03 .03 .04 .04

REF3 M .90 .89 .56 .56
SE .02 .02 .04 .04

Controo REF1 M .69 .69 15 19
SE .04 .03 .03 .03

REF2 M .82 .84 .33 .35
SE .02 .03 .04 .03

REF3 M .92 .87 .52 .55
SE .02 .03 .04 .04

Note.M = mean SE= standard error of the mean
Firstly, the presence of a taBkelevant numbepresentegbrior to the target soul, had
no impact on target sound intensity judgmepts (98). Secondly, as in Experiméxtthere was

a significant main effect for Reference Intensity where the proportitmudérresponses
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increased progressively with reference sound interi&(; 50) = 177.29p < .001,n p=.88. To
illustrate, target sounds following REF1 intensity reference sounds exhibited the smallest overall
proportion of loud judgment$/ = .44 [.02]), followed by REF2\M = .59 [.02]), and REF3{ =
.72 [.02]). Similar to Experimerthe main effet of Target Intensity was also significdtL,
25) = 166.61p < .001,n p=.87. Participants categorized 10% louder targelsuaer more
frequently M = .81 [.02]) than 10% quieter targeld € .36 [.03]).

Thirdly, there was a Reference Intensity arget Intensity interaction similar to that
found in Experimenb, F(1.32, 32.88) = 17.031< .001,n p= .41 (see Figuré4B). To
deconstruct this interaction, difference scores were formed by subtracting the propddiah of
responses provided to gtee targets from the proportion lmiud responses provided to louder
targetsfor each participantThese difference scores were then compared across the three levels
of Reference Intensity (REF1, REF2, REF3) using awag repeated measures ANOVA. The
andysis revealed a significant main effect for Reference Intef§Ry50) = 17.03p < .001,n p
= .41 (see Figure 5). Pellibc pairwise contrasts further revealed no difference between REF1
(M = .52 [.04]) and REF2\V = .49 [.04]) p = .40). There wereéhowevey significant differences
between REF1 and REFBI(= .35 [.04]) F(1, 25) = 17.08p <.001,n p=.41and REF2 and
REF3F(1, 25) = 42.41p < .001,n p=.63. The results further confirmed the findings of
Experiment, that there was a significant reduction in sensitivity when categorizing target sound
intensity at the higher reference sduntensity levels. The remaining effects were
nonsignificant gemainingp = .32).

To summarize, in contrast with the predictions of the generalized magnitude account the
results of Experimerg did not indicate any form of numerical priming on soundnsity

judgments. This leads us to theorize that when the auditory and visual events occurred
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simultaneously, it was difficufior the participant$o discount the numerical information while
actively attending to the sound, despite its being irrelevahettask Thisfacilitatedthe
number beingisal as an anchor when judging sound intensity. When the events were temporally
displaced, because the number was irrelevant and did not need to be attended to, it became easier
to parcel outor ignore; thus keping it from entering sheterm memory and biasirtge later
sound intensity judgment. In Experiméhto test this shorterm memory hypothesis, the same
procedure as Experime@tvas usedhowever despite the number still being task irrelevant,
participants were required to hold the number in stenh memory
Experiment 7

In Experiment7, the procedure was modified so that participants were required to hold
whatever number they saw prior to the presentation of the target sound itesimamemory.
This ensured that the numerical information was being processed rather than ignored or actively
suppressed. As has been previously shown, simply attending to a number is sufficient to bias
later target judgments, even when the two sources of informagaroepletely unrelated
(Wilson et al., 1996)If the bias witnessed in Experiménis a form of numerical aoring ona
perceptual judgmemegarding sound intensitit is expected that the number should go on to
exert assimilative anchoring biaseken held in shofterm memorygdespite not occurring
simultaneously with the target sound.
Method

Participants. Thirty-four University of Manitoba undergraduate students enrolled in an
Introduction to Psychology course participate@&xperiment 4n exchange for partial course
credit. Twentythree d the participants were female ahtlwere male The mean age ofith

group was 19.29 (SD = 2.34).
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Materials. The same PC, software and stimagExperiments$ and6 were usd.

Design and pocedure. The procedure used in Experim@ias identical to
Experiment6 with one key difference, on 25% of the Experimental bloals (which were
selected randomlhgfter making the sound intensity judgmethe participants were prompted to
reproduce the digit they had seen in the interval between the offset of the reference sound and the
onset of the target sound (see Figut€)l As it was unpredictable which trials would have this
added secondary taskheefore, theparticipants had to hold the target number in stesrh
memory during the presentation of the target sound on all of the trials.

Resultsand Discussion

Table6 displays the average proportionlofiderresponses for each Reference Intensity
(REF1, REF2, REF3) x Target Intensity (10% louder vs. 10% quieter) x Number Magnitude
(Small [1, 2, 3] vs. Large [7, 8, 9]) x Block (Experimental, Control) factor. Thesevalere

submitted to a 3 x 2 x 2 x 2 withparticipants, repeatetieasures ANOVA.

I Number reproduction task accuracy for 34 participantsMias82.35 (SD = 16.9).
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Table6

Mean Propor ¢érd oRe oo midew di n

Target Intensity

Loud (10%)

Quiet (10%)

Reference Number Magnitude

Block Intensity Large Small Large Small
EXxp. REF1 M .78 .70 .20 15
SE .02 .03 .04 .03

REF2 M .92 .80 .34 23

SE .02 .04 .04 .03

REF3 M .94 .87 5l 44

SE .01 .04 .04 .03

Controo REF1 M .72 72 22 .20
SE .03 .03 .03 .03

REF2 M .85 .87 .36 .35

SE .02 .02 .04 .03

REF3 M .91 .90 .56 .58

SE .02 .02 .03 .04

Note.M = mean SE= standard error of the mean

Experi ment

74

7

As in Experimenb, there was a main effect of Number Magnitkdg, 33) = 736,p =

.01,n p=.182. This effect was characterized by a tendency for participants to categorize target

sounds that followed the presentation of a large magnitude numbetglasmore frequently

(M = .61 [.01]), than targets sounds following the pnéstgon of small numberd = .57 [.01]).

Also similar to Experimenb, there was a significant Number Magnitude x Block interaction

F(1, 33) = 6.16p = .018,n p=.157 (see Figurd6). The interaction indicated a significant effect

of Number Magnitudedr Experimental block trialds(1, 33) = 7.70p = .009,n p= .19, that did

not extend to the Control conditievhich featured jumbled digi{® = .85). In the Experimental

Block, participants judged target sounds that followed the presentation of lagnéunle

numbers atoudermore frequentlyi = .62 [.02]) than sounds following small magnitude
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numbers {1 = .53 [.02]). Thus, the effect witnessed was similar to other anchoring
demonstrations, in that it was dependent on the participant attendingiantber, and storing

that number in shoterm memory. The number in this case\esty biased responses despite:
havingno connection to the sound intensity task, and 2. not occurring simultaneously with the

target soundThese findingsupport an andring interpretation of the above results.

Number Magnitude
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Figure 16. Experiment 7: Number Magnitude x Block interaction. Small (humbers 1, 2), large
(numbers 8, 9). Error bar represent the standard error of the mean.

Additionally, similar toExperiments$ and 6 there was a main effect of Reference
Intensity levelF(1.55, 51.27) = 176.8®%,< .001,n p= .84, where the proportion tfuder
responses increasédearly with reference sound intensity, with targets that foddREF1
sounds exhibiting the smallest proportmouder responses\ = .46 [.01]), followed by REF2
(M =.59 [.01]), and REF8M = .72 [.01]). Furthermore, as in Experimehtand 6 there was a
significant Reference Intensity x Target Intensity interadfitiy 33) = 6.16p = .018,n p=.16

(see Figure 4C). To deconstruct this interaction, as in Experifaemntd 6 target ittensity
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difference scores were compared across the levels of Reference Intensity usivggg one
repeated measures ANOVA.

There was a significant main effect of Reference Inte®§Ry 66) = 31.22p < .001,n p
= .49 (see Figure 5). Pellioc pairwise cmparisons further revealed no difference between
REF1 M = .54 [.03]) and REF2\ = .54 [.03]). However, REF1 significantly differed from
REF3 M = .38 [.03])F(1, 33) = 38.22p < .001,n p= 54. Similarly REF2 also significantly
differed from REF3F(1, 33) = 46.15p < .001,n p= .58, demonstrating the same reduction in
categorization sensitivity at higher overall intensity levatsessed in Experiments 5 and 6

General Discussion

The results firstly suppatithat sound intensity categorization respes conform to
Weber’'s | aw, with discrimination judgments de
the reference sound intensity level was scaled upwards. This was particularly evident for a
reference intensity change from 82.96 dB (REF2) t6@®d8B (REF3). It is clear that regardless
of the experimental manipulatiothe perceptual discriminability sound loudness decreases as
theoverall intensitylevels of the compared soundsncreased.

Secondly, the results observed in the current éxyeit have established that visually
presented numbesddicitedbiases onsound loudness categorization respongbesebiaes
howeveronly occurred under two conditions 1. when tisenber occurred simultaneously with
the sound, o2. The number and sousdvere presented independgnbut the number waseld
in short terrmemorywhen the sound was presenteldwever, n conditions wheréhe number
preceded the sound by a short delaglparticipantshad no reason to remember it, the bias was
eliminated This findingwasmore in keeping with an anchoring explanation of this phenomenon

versus one that speculates on the existence of a generalized magnitude system. As noted, highly
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fluid, conceptual priming phenomehavebeen observedetweemumerical notatins
(Words/Numbers(zabay et al., 2013; Naccache & Dehaene, a084ccache & Dehaene,

2001b); as such, we do not discount that symbolic andsyonbolic numbers may be

represented bentea common metric, however, our findings do not support the conclusion of a
common code underlying the representatioinsound intensity and number magnitude.

To summarize, the anchoriag adjustmerdccount poses that once a numbédreisiin
shortterm memory, i presencwiill be sufficient to induce anchoring effects regardless of its
relationship to the target task. Furthermore, this effect can be rather superficial, being determined
entirely by t he (Kahmeman& Krsetsch,1%98; Wilsbneet alr, 4996) Wong
& Kwong, 2000) Interestingly, anchoring effects are not be limited to numbers, and
theoretically, any information conveying some form of inherent magsitoigce held in
shortterm memory, should induce assimilative anchobizges- even when the estimated
dimension is in @ompletelydifferent modality. For example, participants that drew longer lines
estimated the Mississippi river to be longer, andetierage temperature of Hawaii to be higher
(Oppenheimer, LeBoeuf, & Brewer, 2008herefore, one future application of studies looking
into numerical achoring on percepn, might examine howheseotherconceptual magnitude
dimensions may induce similar effects perceptual judgmentBarticipants drawing longer
lines for instance may also estimate later occurring sounds@er, than those drawinghsrter
lines.As suggested by the authors, the activation of¢peesentation for line length may have
served as a prime for a seemingly, unrelated magnitude dimehsibe, n ¢ emodal effects
of anchors may arise, with a large anchor in any one ntptdding to a large judgment in any
ot her mo d a(kee adlsdNewell & Shanks12D14)f the design of the current

experimemnwere modified, such that participantgta either judge the magnitude
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(larger/smaller than 5), or parity (odd/even) of the intervening digit on each trial, prior to judging
a sound’s intensity |l evel; 1t sfieatom®rinducikge!l y t h
the participants to hold enough numerical information to induce a similar anchoring effect,
despite being temporally displaced from the sound.

Additionally, crossmodal interactions between numbers and other sound properties are
likely to exist. Prior studiesavefound that high/low pitched sounds were categorized faster
using congruent high/low vertically oriented response kRBysconi, Kwan, Giordano, Umilta,
& Butterworth, D06), and participantarerefaster at responding to high/low pitch sounds when
they originated from high/low sources respecti&lyC. Leboe & Mondor, 2007)This suggests
that some basic sound attributes are represented according to a spatialized cognitive template.
The same can be said of numbersallmagnitude numbers (e.g., 1 and 2) involuntarily initiate
downward saccadic eye movements; while large magnitude numbers (e.g., 8 and 9) initiate
upward saccadic eye moveme(@evers, Lammertyn, Notebaert, Verguts, & Fias, 2006;
Schwarz & Keus, 2004 Converging evidence hasrithershown that the passive displacement
of the body in a upward vertical direction leads to the random generation of more large
magnitude numbers, and downward vertical direction, small nuridaremann, Grabherr, &
Mast, 2011) This suggests that sound pitch and number magratuedigkely toexert
interactional effects based on this shared spatial framework. For instance, people should be faster
t o cat egorpiiztec ha asso u'nhd ’'gsh first primediwithe tangeenoncbegr, anch e n

“1 ow i n ferfistgprimedwtlya smdll number.
Conclusion
To conclude, while some of the results could potentially be framed as evidence in support

of a generalized magnide system for number and sound intensity, it would seem unlikely that



NUMERICAL MAGNITUDE 79

visual numbes and soundwould share a common representational format in the IPS
considering that sound intensity coding has been largely attributed to the primary auditory
cortex. Stuees using fMRIfor example have correlated hemodynamic response functions in the
superior temporal gyrus of the primary and secondary auditory contigek correspond
directly to increases in perceived sound loudii@égscke, ShalPosse, Grosdeyuken, &
Muller-Gartner, 1998)Furthermorestudies using fMRI adaptation paradigms have found that
stimulus repetition causes reduced neural activity in thgpephlations responsible for coding
that attributgGrill-Spector, Henson, & Martin, 20Q8)herefore, if numbers are represented
an abstract code, adaptation effects should occurnaatidl across numerical notations. In one
study, an adaptation response was found in the right IPS for Arabic digits, but no reduction in
activation for magnitude repetition was found using number words, or mixed notatign2 £
six) (Cohen Kadosh, Cohen Kadosh, Kaas, Henik, & Goebel, 2007; Cohen Kadosh & Walsh,
2009) Another study found no evidence of repetition suppressionfatr aleurons in the IPS
when presented with repeatedmerical representatiofShuman & Kanwisher, 2004)
Therefore, it has recently been suggested that IPS neurons generally code, not for the magnitudes
themselves, but rather, the decision processes involved in comparing mesgjretoud that
overlapping computational constraints may account for the-tatlss/itnessed between
magnitude dimension¥an Opstal, Gevers, De Moor, & Verguts, 2008; Van Opstal & Verguts,
2013) Hence, rather than sharing a representational code, themstagdshare a common
comparison proceg®eWind & Brannon, 2012; Feigenson, 200IMis however, will require
further investigation.

There is another theoretical alternative that may addou the current set of findings,

which unlike ATOM, maintain distinct representational systems across dimeirsteed of
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suggesting@ common representational code. The theory currently best suited for this purpose is
theneural reusenodel(Anderson & PenneWilger, 2013; Anderson, 2010; Anderson, 2014)
According to this theory, prexisting— evolutionary older neural circuitry is reused to support
more phylogenetically recenaipacities€.g., language, and mathematics), predicting that a
newly emergingskill (e.g., number representation), will be supported across a greater variety of
structures, exhibiting a higher degree of distribution throughout the brain, over establisksed skill
(e.g., attention). For example, the qgrasting neural circuitry inveled in finger gnosis (finger
localization) is recombined for number representaffamderson & Pennewilger, 2013;
PennetWilger & Anderson, 2008; Penn&Yilger et al., 2007)Similar models have suggested
that the neural circuitry in place for distinguishing differences in physical size are also activated
by numbergCartlon, Platt, & Brannon, 2009; Henik, Leibovich, Naparstek, Diesendruck, &
Rubinsten, 2012)Therefore, another potential explanation for our results is that the neural
circuits involved in sound intensity perception are similarly being reused in theeafagon of
number thusfacilitating crossmodal interactions acrossagnitudedimensions.

It should be noted that these theories as of yet do not fully explairwthe current
study— crossmodal interactions were elicited only when the numbersahd occurred
concurrently, or when the number was held in stearh memory (Experimer and 7,
respectively, but not in a procedure where the number acts as a prime (Expegjméfa
suggest that at least in some instanceshe interactions witnegd between numbers and other
perceptual dimensions may constitute examples of numerical anchoring, and that people might
adaptively use informatioheldin shortterm memory to guide a wide variety of decision

processes, which include basic perceptuajioents (e.g., sound intensity).
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Contextual Influences on Time/Number Interactions

In Chapter I} | demonstrated thaelying on a similarity heuristic when judging the
duration of eblankintervalbetween eventsanresult inkappalike effects across wide array of
stimulus dimensions including: symbolic number magnitude, armcolour saturatiorievel.
Theperceived duration dheblankinterval separating two eventsispartarrived atthrough
thesubstituton ofinformationcomputedaboutthe absolute magnitude difference across the
interval In Chapter I} it wasfurtherdemonstrated thaask irrelevansymbolic numbers bias
perceptuajudgmentsof theintensityof an unrelated sounth a manner consistent with
numerical anchoring=or examje, participants factednumerical information into sound
intensity estimates only when the numbeiocourred with sound (and thus could not be
ignored), or when the numbeas presented ahead of the sound hield inshorttermmemory.
Alternatively, the number s magni t ude c e as e dpresentedpaovtetheany i mp
target sound s  oTrhis @uld be the result of participants actively ignortaskirrelevant—
numerical informationAlternatively,a contextuathange irthe mental process required for
number magnitude to sound intensityay have led to the unintentional forgetting of the
number s (MuidgmBodhey 20HD). Despite the lackf primingfound for number on
sound intensitywhen the events eoccurredjt becamalifficult to eliminate the impact of
numerical magnitude informatian the sound intensity taskhisfirst finding is very similar to
prior demastrations of time/numbenteractionsasin these casepeople estimatd the
durations of numerical evenitswhichthe numbér s pr e s e nt axtuallysstheticher r at i on
intervalthat is estimate(@liveri et al., 2008)One result of this design is, as was evident in

Experiment 5 when a sound and number vpeesented simultaneously, it is difficult to
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disentangle highly proximal co-occurring— dimensions, and thus it is impossible to discount
the effect of number on the duration of the interval.

It therefore must be asket, what degree is the absolutegnaude of the number
important indriving thisbiasversusthe bias beingontextuain nature™u et al.(2009) for
examplefound that timenumber interactions weenhanced by attaching a weight unit suffix to
a target digithat emphasized the magnitude differebeaveen the compared dig(ts kg vs. 9
kg). This finding suggesthat timenumber interactions are more about Havgethe numbers
subjectively peraged to be as determined by the context in which it is presentadsfurther
suggest a large role of tojlown processes in drivirtgne-number interactions

In Chapter I\ | employed a paradigsimilar to Oliveri et al. (2008) and Lu et al. (2009)
in that participantgudged the presentation durationgariget numberdn other words, like in
Experiment 5, the target (duration) and interfering (number) dimensions occurred
simultaneouslyHowever,in the study described in Chapter Mese target numbgwere
always presentedt the end opreceding numerical context sequenCBhe magnitude of these
context sequencesther matched or mismatched the approximate magnitude of the target.

Theinternal clock modetfloes not rule out thenpactof externalfactorssuch as
arousallevel, in affectingpacemaker outpult has beersuggestethatif o n eekpsctations are
violated— for example by the presentation of a nojgeldball)stimulusin a series of repeated
standards- this oftentends to eliciprodongedduration estimatefor the novel stimulus
(Birngruber,Schroter, & Ulrich, 2014, 2015k has been suggested thia¢ occurrence an
infrequentstimulus is proposed to heightarousal level, which in turn increagescemaker
speedUlrich, Nitschke, & Rammsayer, 2006lherefore, a final prediction was testedarding

the influence of contexdnd expectationsf a sequence of numberall similar in magnitude-
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arepresented prior to &arget number hie targeshouldbe experienced dsngerin subjective
duration thdurther it is indistance from th@receding contexdequencelf expectation does
influence pacemaker speed in the predicted way, the number 9 blequddceived of dsnger

when immediately followng a series of small numbers (1, 2Vv8&8ysus when it follows a

sequence darge numbers (7, 8, 9). Conversely, a 1 should be perceivedoriges when it
immediately follows a series of larggmbersversus a series of small numbdrsChapter IV

this account was tested, and a novel anchoring approach is provided as a potential alternative

explanation for the impact of contextual manipulations on-tin@ber interactions.
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Chapter IV : Contextual Influence on Percevzed Number Duration

Time perception is a fundamental skillidely demonstrated to be susceptible to bias
from numerous sources of environmental and contextual inform@trarsse, 1984 )-or
example, intervalcontaining more events (e.g., visual, auditory, or tactile) are judged as longer
in duration(Adams, 1977; Buffardi, 1971; Dong & Wyer, 2014; Javadi & Aichelburg, 2012; E.
C. Thomas & Brown, 19%), as are stimulihatexhibit highercomplexity(Ornstein, 1969)and
dynamiccharactestics 1 ncl udi ng, | @oowsiomsgeAubo, rGuilaunmek er i ng
Mogicato, Bergeret, & Celsis, 2008; Brown, 1995; Casasanto & Boroditsky, 2008; Grassi &
Pavan, 2012; Kanai, Paffen, Hogendoorn, & Verstraten, 2006; van WasseBhoremano,
Shimojo, & Shams, 2008{for audition seeDiGiovanni & Schlauch, 2007; Eisler & Eisler,
1992; Grassi & Darwin, 2006; Leboe & Mondor, 2008; Schlauch, Ries, & DiGiovanni,.2001)

A subset of the time perception literature has focused on how contextual information
regarding nagnitude can impact perceivddration judgments (i.e., tim@agnitude biases).
These studies have found that increases in size, luminance, @ugreer, 1986; Cantor &
Thomas, 1976; Kraemer, Brown, & Randall, 1995; Matthews, Stewart, & Wearden, 2011; Ono
& Kawahara, 20070no & Kitazawa, 2009; Thomas & Weaver, 197&0d quantityfArlin,
1986; Hayashi, Valli, et al., 23; Mo, 1974)all induce phenomenological time dilatiena
subjectivdengthening in perceived duration. Perhaps of greater interest is that this bias has also
been demonstrated for symbolic magnitude. For example, the perceived durations of relatively
small numbers (e.g., 1, 2) tend to be underestimated, Vainge numbers (e.g., 8, 9) are

overestimatedChang, Tzeng, Hung, & Wu, 2011; Kiesel & Vierck, 2009; Qiiet al., 2008;

Vicario, 2011; Vicario et al., 2008; Xuan et al., 2009, 2007)Thi s findi ng 1 mpl i es
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time-magnitude biases are not purely sensory in nature, but emerggheesemantic level of
analysis. In the current study, we examined how manipulating meaningful information about the
numerical context preceding the presemt i on of a number can further
perceived duration. To put it generally, we examined timievel ofcontrast between the target
number’s magnitude and its preceding context
this informs currentheories regarding cognitive representations of time and number.
ATOM Framework

There are currently few theories which posit satisfactory explanations fentageitude
perceptual biases. THA& Theory of Magnitudé (ATOM) framework is a set of predicins
which has attempted to bridge this gap. To summaiZ®©M hypothesizes that the brain
(specifically the right intraparietal sulcus |
space, time, and number , an dcetvihsenhsorimbt@s e di men
transformations that are unique to the action system of the parietdBloée & Walsh, 2009;
Gallistel, 2011; Walsh, 20037 his system, sometimes referred to as the analogue magnitude
system,is thought toconvert magnitude information from multiple dimensiongl(iding
number) into a modalitjree, notatiorindependent code that exhibits scalar variance (i.e., the
standarddeviation ofestimation responséscrease proportionally witthe intensity of the
estimated stimulug nd t hus ¢ onf o.Thesretitatly, tMéesystem wosild dllavw
peopleto formulateq u i ¢ k a nrdorethanversadedsthanapproximations regarding
di erences i n objeaaumemsityaen,d wWair@hti onhr iwghthneade
comparison process being determined bgs the ra
analogue system has since been proposed to provide the phylogenetic foundation upon which

more advanced arithmetical skills are ba&eantlon et al., 200Henik et al., 2011 )hencewe
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first learn that continuous magnitudes have addihasubtractive properties, aodly thenare
these qualitiesubsequently mapped onto symbolic magnitederents (i.e.symbolichnumbers).
It is at this point in development where symbolic numlbeespresumed to gain entry into the
analogue magnitude systeexhibiting scalar variabilityWhalen et al., 1999)

One theory accounting for tirm@agnitude biases proposes that time and number become
conflated as scalar valwues during the conversi
di mensi on (number ma gowverintatite ether (tine) atthee ct i vel y sp
representational stag&allistel & Gelman, 2000; Whalen et al., 1998)th a recent transcranial
magnetic stimulatiostudy providing some evidence in support of this perspegtiagashi,

Kanai, et al., 2013)Despite this, the majority of the physiological evidence isdapportive of

the theory that time and number share a common representational metric. For example, while
number representati@ppears tanvolve primarily prefrontal and posterior parietal areas

(Nieder & Dehaene, 2009)ime perception is largely determined by a distributed thalhasad
ganglia circuit(Merchant, Harrington, & Meck, 2013furthermore, there may be hemispheric
lateralization of time and number cognitive processes. For example, patidntgtit

hemispheric lesions display time perception impairmentsuteuspared any deficit mumber

skills (Cappelletti, Freeman, & Cipolotti, 200Fimilarly, a transcranial magnetic stimulation
study found that virtual lesions to the left IPS selectively impaired numerosity estimation but left
time perception intagDormal, Andres, & Pesenti, 2008jurthermore, asymmetries in the
interactions betweetime and number have been noted, with number being far more likely to
bias timing judgments than the reve(P®rmal & Pesenti, 2007; DreWolet, Clément, & Fayol,
2008) As such, the ATOM framework requires careful future consideration as to whether it truly

provides an undistorted perspective of the cognitive systems subseuwirigr and time
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comprehension, and if it can in fact serve as an explanation for the veeimeptual
interactions found to occur between magnitude dimensions.
Neural Amplitude Hypothesis

Another theory of time and number perception that has recentigadyabme traction has
suggested that both properties arise from temporal variations in the activation patterns of
distributed neural network$vry & Spencer, 2004)For example, psychological time (at the
level of subsecond intervalg)aybe represented as a function of neural spiking characteristics
and individual membrane potéads (Buonomano & Merzenich, 1995; Buonomano, 2000;
Karmarkar & Buonomand007) Furtherbuilding upon these statiependent network models,
current computational models have shown that information about event duration (as well as
event frequencynay be derived monotonicalfyom overallneural activity level, and then
maintained within a neural circu{Bancroft, Hockley, & Servos, 2014\Ve will refer to this
perspective more generally as theira¢ amplitude hypothesis (NAKGurran & Benton, 2012;
Eagleman & Pariyadath, 2009; Eagleman, 2008; Matthews, 2011; Pariyadath & Eagleman, 2007,
2012; SadeghPRariyadath, Apte, Eagleman, & Cook, 2011)

The NAH makes two predictions regarding ma
stimulus intensity is coded as a linear function of neural activity (i.e., neural spikinghagttes
increase monotonically with stutus intensity). This has receivptlysiologicalsupport from
studies examinintheneural responses to brightn€éBsrlow, Snodderly, & Swadlow, 1978;
Tikhomirov, 1983) size(Murray, Boyaci, & Kersten, 2006ihumerosityRoitman, Brannon, &
Platt, 2007; Verguts & Fias, 200dhd has also been found to be representative of single
neurons coding for duration in the lateral parietal regions wigbes(Janssen & Shadlen,

2005; Leon & Shadlen, 2380 The second prediction is that reduced neural amplifuegslting
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from the repetition of a stimulus property (i.e., neural repetition suppressioNgge &
Martin, 1998)will correspond with a reduction in perceived duration. TheH\Nfor example,
proposes that the perceived durations of repetitive stimuli will contract relative to an earlier
occurring target causing the earlier target to apfmehave the longer duratigRose &
Summers, 1995)n furtherdemonstration of thiphenomenoyPariyadath and Eagleman (2007)
presented participggwith numberseqggnces wherein the duration 0
target) was compared against the durations of a string of numbers that immediately followed it.
The sequences were either repetitivd{1-1-1), ordered (22-3-4-5), or randomized (4-3-5-2).
Thereear chers found that the target’s duration
standards for both the repeated and ordered condibons was wuna ected on r a
sequence trials. This was taken to indicate that contextual symbol mpetid the predictable
ordering of the numeri cal physiologicdineural repetitioa b ot h
suppressiopwhichthencaused a contraction of their subjective durations relative to the initial
target, thus makinthe targeappeatongerin duration(Schindel & Arnold, 2011)

The NAH is not incompatible with ATOM, and in fact, may provide the mechanisms by
which magnitudes are coded in the analog system. Furthermoregst psst of testable
predictions regarding the neural representation of time and number that are informative and can
be used to further test the validity of the ATOM framework. For example, repetition suppression
is a general physiological phenomermamma to all neural assemblies and should be evident
for neurons that represent nmgide commonly across formats.
Current Study

In the current study, the impact@intextualmagnitude repetition on timing judgments

for numerical targets was examined with titent of addressing three empirical questjgak
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Will the repeated presentation of similar magnitude numbers cause a later occurring target
number to be perceived of as subjectively shorter in duration? If the NAH is correct, contextual
magnitude repédton should result in shorter duration judgments when numerical targets are
similar in magnitude to their preceding context. (b) Will target magnitude continue to bias
duration judgments despite manipulations to the preceding context? To date, mosthstuelie
examined number magnitudiene biases in the absence of further contextual manipulations (for

an example to the contrary, dag Hodges, Zhang, &hang, 2009)(c) Finally, if symbolic and
nonsymbolic (i.e., numerosity) numbers are processed under a common representational metric,
crossnotation repetition suppression should be evident. In other words, the repetition of
magnitude— asconveyed byhumerosity— should reduce activation levels for similar

magnitude numerical symbols cagthem to be perceived of as shorter in duration.

Experiment 8

Experiment 8a

In Experiment8a, the target number was preceded by a context sequence composed of
six numbers. A third of the context sequences were composed of repetitive large magnitude
numbers (randomly intermixed,78s, and 9sWwhile another third wereomposed ofepetitive
smallmagnitudenumbergintermixed 1s, 2s, and 3s), tfieal third were corposed of randomly
intermixed small and large numbers. Target magnitude (small: 1, 2; large: 8, 9), and whether the
target was similar in magnitude to the context sequence (e.g., large cor@eki-2-8; large
target: 9) or dissimilar (e.g., small conte2-1-3-1-2-3; large target: 9were manipulated across
trials. The mixed context gaences (e.g., mixed context81/-3-9-2; large target: 9) were
included as a control condition to ensthratthe participants would attend to the magnitude of

each nurber in the context sequence.
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Method.

Participants.Thirty-nine undergraduate students enrolled imé&odudory to
psychology course at the University of Manitoba participated in Experigagntexchange for
partial course credit. Thirtfour of thepat i ci pant s were female (five m
18.79 years, (SD = 1.82). Individual participants with accuracy rates on the context sequence
task that fel!]l bel ow the accuracy cuto on mi
x SD of the mea) were treated as outliers and removed from further analysis. This led to the
removal of seven participants (final n = 32).
the University of Manitoba Fort Garry Campus Research Ethics Board.

Materials. In Experimeni8a, the numbers 1, 2, 8, and 9 were presented as targets, while
the numbers 1, 2, 3 and 7, 8, 9 were presented in the context sequences. The Arabic digits
subtended 3.3° x 2.6° of visual angle and were presented on a PC ymsingeR.0 releas
candidate software (ver. 2.0.8. Psychology Software Tools, 2012)

Design and procedureEach experimental trial was initiated with a sphee press. The
participants first rated whether each of the s
“*larger’”’ than five. For half of the particip
key | abel ed -Beyafastaadhrdkegpatr dea8d ‘| arger’” ' judg
key | abel ed key& eyMambingtAd. The btleer hialf of the participants used the
reverse mapping -Key.,S’and x'eldkéy, KaytvampidglB).o t he S
Both conditions were employed control for the possibility that participants would map small
magnitude responses to the left side of the keyboard, and large responses to the right. The
context sequence task was gmiced, with each number remaining onscreen until a response was

regstered. There was a 500 ms blank irsgmnulus interval (IS1) separating the presentation of
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t he final context sequence st tagaethumiservannd t he t a
categorized by the participants as short, medamugng in itsduration éee Figure 7). All three
context segence categories (large, mixed, and small) were composed of 48 trials, which
included two repetitions of each target number (1, 2, 8, 9) at each of {hessikle target
intervals(340, 360, 380, 420, 440, and 460 me¥ulting in144 randomly intermixed
experimental trials.
The timing task was a duration scaling method referred ¢atagoryrating. According
to this method, the di erent interval duratio
predetermined response scgdlan, 1979) Prior to beginning the experiment, participants were
trained to categorize 340, 400, and 460 ms intervals, as short, medium, and long, respectively.
To accomplish this, 12 practicedls, with accuracy feedback, were complefBde’ * s hor t '’
| abel was al wakyesy ao fx ead sttoantdnaer dG key b o akeyd, t he
and the * ' | o-keg, thus the dubaioh categorizatibneespbnse options were
independent of the response options used to categuimber magnitude during the context
sequence task. The kégbel mappings used for duration categorization responses were upheld

across all participants.
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Figure 17. Experiment 8a procedure.

Data analysisinand yzi ng participants responses,

responseseremu | t i plied by 0, ‘' medium’ responses
sum of these three products was then divided
This dda conversion produced average duration ratings for each participant that ranged between
0 and 2, with scores approaching 0 indicating a higher proportion of short responses, and scores

approaching 2 indicating a higher proportiorf loing’ responseg¢for similar analyses see,

Aubry et al., 2008; Masson & Caldwell, 1998; Mattes & Ulrich, 1998; Rammsayer & Ulrich,

t

b

b
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2001) SPSS Statistics Package version 17 was used in the analyses of all of the reported data
(SPSS Inc, 2008)

Results and discussion First, to assess whether the key mapping impacted context
sequence task accuracy, a 3 (sequence type: small, mixed, and large) x 2 (Key Mapping: A and
B), mixedmeasures analysis variance (ANOVA) was run, with sequence type included as a
within-participants variable and Key Assignmembetweerparticipants variable. Sixteen
participants were randomly assigned to eadhefKey Assignment conditionEhis analysis
reveal ed a main &(18238,t36.00)=68.21« OH01r $=.68¢.p e,
Participants performed with higher overall accuracy when categorizing repetitive grmall (

.995 [.002]) and repetitive larg®i(= .997 [.001]) magnituel patterns versus mixed magnitude
patterns Il = .956 [.005])F(1, 31) = 74.130p < .001,n p=.705. This drop in accuracy was
likely the result of having to alternate responses in an unpredictable manmexddisequence
types.Furthermorethe Key Asignment condition did not interact with sequence type .848),
and t he mai Assighmentovas nesfi gKnei ydi=c.2282).tAs if{was clear that the
response mappintself did not impact on accuracy, this variable was excluded from further
analses.

Second, the mean duration ratings were submitted to a 3 (context sequence: small, mixed,
and large) x 6 (target duration: 340, 360, 380, 420, 440, and 460 ms) x 2 (target magnitude:
small and large) repeatede asur es ANOVA. Thimareveaé¢ed af st @
duration,F(5, 155) = 73.79p < .001, np2 = .704, in which mean duration ratings increased

across the target intervai§1, 31) = 123.403) < .001,n p=.799 (see Figures).
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Figure 18. Experiment & mean duration ratings for small and large magnitude targets at each of
the six durations (340, 360, 380, 420, 440, and 460 ms) for each of the three context sequence
types (large, mixed, and small). The error bars represent the standard error of the mean

There was also a signi fica(li31)m&6.88p<ed0lect of

n p=.683, in which large target numbers (8 and 9) were categorized as long in duration more
frequently M = 1.03 [.044]) than small numbers (1 andv®s .803 [.040]). Additionally, there
was a significant context s e((@WRRFECWpx.0Glgpget ma
=.204 (seeFigurd9Qa) . Thi s interaction was due to a mai
large magnitude targeE{2, 62) = 4.49, p = .015,n p=.127 that did not extend to small
targets p=.514)None of the remai ni ng remartingo=d&%86).1i ons wer

The interaction waaurther deconstructed using pd&ic pairwise contrasts that compared
the mean perceed durations provided to large magnitude targets across the three context
sequence types. This analysis revealed that large targets preceded by repetitive small context
sequences were rated to have longer duratidns 1.083 [.051]) versus when thesere
preceded byepetitive large magnitude contexid € .970 [.051])F(1, 31) = 16.88p < .001,

n p=.353 (remaining = .102).



NUMERICAL MAGNITUDE 95

A. Experiment & B. Experiment 8
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Figure 19. Target magnitude x sequence type interactions: Experiment 1a (A) large vs. small
sequences significant at p < .001. Experiment 1b (Tédge= 13). (b) Large vs. small sequences
significant at p = .005. The mean duration scale minimum = 0, maximum = 2. Error bars
represent the standard error of the mean.

To summarize(a) despite contextual manipulations, large target numbers were
categoried to have longer durations relative to small targets. (b) Thereevasmt r a,snt e ect
which large target numbers were judged as lomgdurationwhen they followed small number
contexts, and as shorter when following | arge
fits with the predictions of the NAH accounttha attribute repetition should induce shorter
duration estimates via repetition suppressioh he e ect was asymmetri cal
large magnitude targets.

Onepossible explanation for this,s t hat the contrast e ect we
repeded presentation of @umericalsymbol as a context sequence number, and as the target, and
not by manipulations to the magnitude of the context sequence. If this were true, a further
prediction can be made, the mixed sequences always contained a giatiteoneof the target

number (13-8-9-7-2 A 9), while repetitive magnitude sequences that were similar in magnitude
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to the target always contained two repetitions of the target symi9e8{7-8-9 A 9). If the

contrast e ect were purely t hmgrepetisva idtchimgf sy mb
magnitude sequences should be judged as shorter relative to targetséphioxed contexts.

We tested this by collapsing the variables into RépetMatch and Mixed context sequence
categoriemand compared the perceived duration ratings using-avageepeated measures

ANOVA. The results reveal edcatagoriegprF $IP), ficant di

supporting the idea that symbol repetitio was not b e hi nobdsertedoelargeo nt r ast

magnitude numbers.

A second possibility is that the contrast

Arabic digits, and may not be present for representations that tap into numerosity (iieal phys

guanti ty). I f the witnessed asymmetric repet.i

asymmetry should be eliminated when symbolic numbers are replaced with numerosities. In

Experiment8b, this hypothesis was tested.

Experiment 8b
In thisexperiment, Experimer@awas replicatedising numerositieén the form of
canonical dot patternss opposed tArabic digits

Method.

Participants. Twenty-six new participants recruited from the same participant pool took

part in Experimen8b. The mearage of the sample was 19.27 years (SD = 2.47), which included

17 females and 9 males.

Materials. Numerosities were presented as canonical arrangements of black dots on a

white background framed by a black border (see FigQyeThe total surface area Wit each

border subtended 5.6° visual anghhile each dot in the pattern subtended 0.9° of visual angle.
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Design and procedurelhebasic procedure for Experimert &as identical to

Experiment8a; howeverArabic digitsweresubstituted with numerosities

Srmal| Large
Magnituda Magnitude

L ] L N
. .

. L

. L
L] L
] L N

Figure 20. Patterns used in Experiment 8b.

Results and discussionThe mean duration ratings were submitted to a 3 (context
sequence: small, mixed, and large) x 6 (target duration: 340, 360, 380, 420, 440, and 460 ms) x 2
(target magnitude: small and large) repeateglasures ANOVA. The results revealed a
significant main &(3.6081t75.19%)=81a8pg O01,npw.768,t i o n
indicating thafperceived duration ratings increased systematically across the tdegedls,
resulting i n a K1 2pn=16263a3n<t.001,j pF e867r Howeves, the main
e ect of target magni t udpe.19pThis wasasurpsisingrdsults t 1 ¢ a |
since it was previously found that timeagnitude biases for canonical doatterns were as
robust as those found for symbolic numbgfsan et al., 2007)To determine why the
time-magnitude bias was eliminated in this instance, we collapsed across all other factors and
compared thenean duration ratings across the four numerical targets (1, 2, 8, and 9) using a
oneway repeated measures ANOVA.

This analysis initially revealedanani gni ficant mai m=.6),ect of nu

however, an interesting pattern emerged; for half of thigcgeants (n = 13), time categorization
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responses were biased by structural di erence
patternsThe main e ect of nuRde)y=4147p=01BRrE= parti ci
.257, was driven by a tendentyperceive the duration of(a single, focally presented dot) as
subjectively longerNl = 1.066 [.041]) than 2 (two dots] = .947 [.063]),F(1, 12) = 4.589p =

.053,n p=.277; 8 (eight dotdyl = .936 [.067])F(1, 12) = 6.942p = .022,n p=.366; 0r 9

(nine dotsM = .889 [.05])F(1, 12) = 21.405p < .001,n p=.641. Furthermore, there were no
significant di erences in the percep=v88. dur at.
This set of participantare referred tas the centitgresentation (CP) group because the

appearance of a single, focally presented dotavasre salienfeaturetothemt han t he pat:t
magnitude. The other half of the participants (n = 13) exhibited the predictechagr@tude

bias. Thisgroupdemonstat e d a mai n F8, 36)c 14.724p < .00m,y prrb561Tr,

in which 1 was rated to have the shortest duratibrs (782 [.054]), followed by 2M = .791

[.049]), 8 M =.970 [.047]), an® (M = 1.028 [.046])generatina s i gni fic aR(l, | i near
12) = 28.804p < .001,n p=.706.Theseparticipantsare referred tas the target magnitude

(TM) group because their results were in keeping with the hypothesottttern magnitude

was the more salient feature. When responses to theafget items were compared, grouping

the participants based on their responsetgpes( CP vs. TM), there was a

F(3, 72) = 14.736p < .001,n p=.380 (see Figural).
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Figure 21. Target Number x Groupindariable interaction. CP = Central Placement, TM =
Target Magnitude. The mean duration scale minimum = 0, maximum = 2. Error bars represent
the standard error of the mean.

Individual, 3 (context sequence: small, mixed, and large) x 6 (target duratiOn364
380, 420, 440, and 460 ms) x 2 (target magnitude: small and large) repessares
ANOVAs were run on the CP (n = 12nd TM (n = 13) groupg:or the CP group, the main
e ect of t aR(lgle)t=6.404p-n0RG Nupa 848, was characterized by a
tendency to report small magnitutdegets @ot pattern representint) as longem perceived
duration M = 1.006[.046]) than large magnitle targetsNl = .912[.054]). Furthermore, the
main e ect of tar gg(3.03 3636 t4368H<v0aly) ps.i78pasi ficant
futherd emonstrated by aF(k 12)=9.89Tpa 001, nl p= 18&%6Esee t r e n d

Figure22a).
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Figure 22. Experiment 8b mean duration ratings for small and large magnitude targets at each of
the six durations (340, 360, 380, 420, 440, and 460 ms) for each of the three context sequence
types (large, mixedand small), for the centrptesentation groufm =13) (a), and the target
magnitude group (n = 13) (b). The error bars represent the standard error of the mean.

However, for these participants, there was

duration ratings (remaining=. 09 2 ) . For the TM group, the mai:H
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revealed that small magnitude numerosities were rated to have shorter dudtor&86
[.045]) relative to largeN] = 1.00 [.044]) F(1, 12) = 30.443p < .001,n p=.717. There was
al so a significant mB2.546, 80.582Ft36.24H< 0@ N H=T53 dur at i
characterized by a linear tref{l, 12) = 67.107p <.001,n p=.848 (see Figura2b).

Finally, as was the caselixperiment8a, t her e w&mtexdSeqergxi ficant
Target MagnitudénteractionF(2, 24) = 4.986p = .015,n p=.294 (see Figurkob). As was the
case in Experiment 1a, for the TM gmuarge target numerosities (8 andtggtfollowedsmall
context sequences were rated to have longer duratibrsl(096 [.061]) versus when they
followed large contextd = .949 [.060])F(1, 12) = 11.680p = .005,n p=.493. Also similar to
Experimemt 1a, there was no di erence in the perc:
following small (M = .769 [.068]) versus large contexks € .856 [.066]) p=.176).

To summarizeéhe results(a) half of the participants demonstrated a tendencydigeja
single, focally presentedot as having a longer duration relative to the remaining numerosities.
The other half demonstrated timeagnitude biases that were consistent witse demonstrated
in Experimeni8a, with smaller numerosities (1 and 2)ihg categorized ashort in duration and
larger numerosities (8 and 9) as long.

One possible reason for this spliasthat for half of the participants, a single, focally
presented dot may have constituted a more perceptually salient feature over therpat’ s
guantity, thus overriding the impact of pattern magnitude. As symbolic numbers were always
presented in the center of the screen in Experi@egrthis explains why a similar division did
not occur in that instance. (b) For the participantsakbbitedthe predicted timemagnitude
biasfor numerositylargemagnitude targatumerosities were judged as longer when they

followed asmall magnitude context and as shorter when fbiywed arepetitive large context
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(a contrast e ect) . TI8a Expdiiments Sagnd®icrorndirrente dE xt phea

contextual magnitude can have an influence on
e ect was |l imited to | arge mangfonthiswil lee furtter get s .
proposed itheGe ner al Di scussion section. However, fir

posed, whethar h e sfoured intExperiments 8a and &ill occur when the context and

target numbers were presenteg@parateumerical notations (numerosftyumber).

Experiment 9

In Experimen®, we examined whether magnitude repetition in one notation (numerosity)
had annfluenceot he percei ved duration of a numeri cal
(symbolic number). e presence of this e ect would suppc¢
analog metric forepresentingpjumberThe absence of this finding wou
numbers in di erent formats are independently
sequence stimuli, or the target are not being processed using an analog format. For example, the
participants may rely on a controlted or e or
magnitudeof a dotpattern,and an automated strateghenprocessingymbolic number
magni tude. Rel ying on an teecourse dfthd context sequencat i o n
may cause a temporary reduction in the attentional resources necessary to process the target

number’ s magnitude, enhagnmdemiasesiinthg process.r educi ng t

Method
Participants. Twenty-eight undergraduateew participants recruited from the same
participant pool took part in Experimedtor partial course credit. Of the 28, 16 of the

participants were femalandL.2 weremale Theparticipants had mean age = 18.82 years (SD =



NUMERICAL MAGNITUDE 103

1.44). Two participants were eliminated from
criter no26). (final

Materials. Thetargets used in Experimenwi&re symbolic numbers identical to those in
Experiment8a. The conteksequences used in Experimenté&re the six nunresities used in
Experiment 8.

Design and procedureThe procedure was identical to Experim8nthe garticipants
were asked to judge whether eadlt context sequence numerasswas larger osmaller than
5. Immediately following this task, they rated the perceived duration of a target number as short,
medi um, or | ong. The target’s magnitude, and
preceding context sequeuwmacessdrialsnagni tude were m
Results and discussion

Experiment 9 mean duration rating analysis.The mean duration ratings were
submitted to a 3 (context sequence: small, mixed, and large) x 6 (target duration: 340, 360, 380,
420, 440, and 460 ms) x 2 (target magnitumheall and large) repeataeasures ANUA.
Consistent with Experiment8 t her e was a mai m(5d25p=l05.783p t ar ge:
<.001, n p=.809, in which mean duration ratings increased progressively aoedasget
intervals resulting in a linear trefid1, 25) = 218.877p < .001,n p=.897 (see Figura3d).
There was also a signi fic&@25 mBi53vp<e00krecp= of t ar
426, in which large numbers were rated to have longer duratbrs 453 [.042]) than small
numbers i = .807 [.038]) (see Figur®d). Additionally, therewass si gni ficant, mai n

context sequence ty@2, 50) = 4.538p = .015,n p=.154(remainingp = .554).
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Figure 23. Experiment 9 mean duration ratings provided for small and large magnitude targets at
each of the sixlurations (340, 360, 380, 420, 440, and 460 ms) for each of the three context
sequence types (large, mixed, and small). The error bars represent the standard error of the mean.

The main e ect ofwasfarthdr anglyzed svithgabecpangse t y p e
contrasts comparing di erences between the se
magnitudes (see Figud). These comparisons revealed that target numbers preceded by
repetitive large context sequences were rated as longer in duMtiorD@2[.044]), than targets
following mixed sequenced/i(= .842 [.036])F(1, 25) = 10.302p = .004,n p=.292, and
approached significance whkn.875 033 @E=r.06dmixedt h s ma
vs. smallp =.295). The results indicated thheremay have been an increase in cognitive load
on mixed patterns, as these includecbmbination ohaving toalternaé responssg, and process
the switch innumericalnotation from the contexdequencéo the target. Noteworthy was the

absence ofamagnited contrast e ect for | arge numbers.
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Figure 24. Main effects of target magnitude sequence type in Experiment 9. The mean duration
scale minimum = 0, maximum = 2. Error bars represent the standard error of the mean.

Aspreviousy di scussed, there are sever al expl an
witnessed previouslipr numbers and numerositigg) the contextask strategy may have
di aepending omotation (numerosityre o r t f ul v s . —automeiia)lfthisc nu mb e
werethecasdoy adopting an e ortful stra8aenPy for th
(enumeration), there may have been fewer attentional resources left over to process target
magnitudealternatively,(b) a change in notation may be more percdlytsalient than a
change in magnitude, whi ch theaontextsequentesever shado
magnitude on the peeived duration of the target.

Median reaction time analysis across Experiment8a,8b,and9. To addr ess t he
possibility, we boked at participant reaction times across Expering@n®b, and9 when
correctly categorizing the magnitudes of the items in mixed context sequences. If the participants

were relying on a controlle@e.,e o r) strategy for processing numerosityeossymbolic
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number participants should be sloweverall whencategorizing numerosity contes¢quences
(Experiments8b and9) versis Arabic digit sequenceg&xperiment3a).

Alternatively, f the participants were attending to magnitude using sirodaparison
processefor both symbolic and neaymbolic number representations, tloategorization
responseshould be slower, theloser the context stimuli are to the benchmark value (5; distance
e e rmedardless of formafloinvestigate this, the median response times (RTs) for accurate
categorization responses on mixed sequence types in ExperBagBiis and9 were compared
using a 3 (magnitude di er enc e8a8b4and)imixed 3 Di ,

measures ANOVA treati ng npartcipants iacoe and expeemeatn c e a

as a betweeparticipants factor (see Tablg . T h e magni ttegalies wele createde nc e
by coll apsing the responses to the numbers 1/
into a di erence category of 3, and finally, 3

di stance e ect wer eshquldieasease &s,afuhchoa of thenegitimneacn R T s
di erence from the benchmar k.

This analysis revealed a signF@® 4@t main e
47.990,p < .001,n p=.361 where RTs increased arithmetic difference decreasedultingin
a signi ficaR(1l, 8%)F 2028p<.00d,¢ p=d515. Furthermore, the experiment
factor did not inter p=x.594)vanditherewssegnoi t ude di er e
betweempar t i ci pants dip=er 6A48¢s Il hetthatgafdpantsg s s u g ¢
did not rely on a slower, more effortful, enumeration strategy in Experir@bmtsd9, and used

similar comparison processes regardless of the notation
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Table7
Median RT values in milliseconds (ms) for cotremntext sequence categorization responses to
each of the three arithmetical distances from the benchmark value (5)

Magnitude Difference
4 Diff (1+9) 3 Diff (2+8) 2 Diff (3+7)
Experiment 1a 606.76 (19.72 618.76 (22.47) 647.30 (21.89
Experiment 1b  593.86 (17.74) 615.87 (19.96) 645.40 (24.52)
Experiment 2 621.59 (16.59) 647.41 (19.15) 664.61 (20.93)

Total 607.40 (10.40) 627.35 (12.22) 652.44 (13.05)
Note. RT = response times.
2All possible pairwise comparisons across collapsed magniitfdesdces were significant at a
p < .001.

The second possibility is thabtation switchindin Experiment 2)ynay have some
unforeseen impact on attention, namely participants may have attended more to théhswitch,
t he t ar g e tlifthss weeals nasd, aicdegdtational switch from context to target
shoul d di sr uwthwhichthetarget smageitndesyprocessethusreducing
time-magnitude biass This was examined in the next section.

Experiment 8a (humber contextnumber target) and 9 (numerosity contextnumber
target) simple effects testTo determineany possible costsf switchingcontext sequence
notation on timenumber magnitudbiases, the mean perceivegrationratings were submitted
to a 2(TargetMagnitude: large, ansmall) x 3(Sequencdype: large, mixed, and sma#)2
(Experiment: number context sequef8a], numerosity contexsequenced]) mixed-measures
ANOVA, treatingTargetMagnitude andGequencdype as withirparticipant variablesand
Experimentas a betwen-participant variable.

First, there was a standard timagnitude biasyheresmall numbers were categorized
as having shorter durationsl & .805 [.028]) than large numbeid € .991 [.031])F(1, 56) =

73.842p < .001,n p=.569. Second, there wasd g n i fi ceay target rhagnitugle context
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sequence experiment interactigf2, 112) = 4.908p = .009,n p=.081 (Figure25). The

remaining main e ectsigndficanpzx@/t.emansai wgre n
In decongructingthis threeway interat i on, two si mple e ects te:

compared the mean duration ratings provided to large magnitude targets across the three context

sequences for the two experimental conditions (number corgaximerosity context)

independently. In the send, large targets were compared between the two experimental

conditions for each of the three context sequence types (large, mixed, and small) independently.

It was clear that neither context notation (numerosity/number) nor context type (large, mixed,

and small) had any impact on the timmeagnitude bias elicited by small magnitude numkses

Figure 25) as such they were excluded from the test.
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=== Number Context
=« = Numerosity Context
1.1
c
il
IS
S
o,
§o]
Q
=
(7]
e
()
Q09
c
@
(0]
=
0.8
0.7
small large small large small large
Large Seq. Mixed Seq. Small Seq.
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Figure 25. Threeway Target Magnitude (small, large) x Sequence Type (larednsmall) x
Experiment (Number Context [8a] vs. Numerosity Context [9]) interaction. Error bars represent
the standard erFrob@P@dl.the mean. T
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Il n the first test, (a) a s i tgatfalldwedmunmber d i eren
corntext sequences (Expment8a) across the three context sequence tiff2s62) = 4.492p =
.015,n p=.127. Participants rated large targets to have longer durations when they followed
small contextsNI = 1.083 [.051]), followed by mixed = 1.035 [.04]), and lasy large
contextsM= . 970 [ .051]) . The di erence bé&Mween |
31) = 16.877p < .001,n p=.353; however, neither large £ .102) nor small sequencgs=
297)d | ered significdntlgnalbwm m{kBepda &dgnificant
following numerosity context sequences across the context sequence types w&Zp6ajy =
4.555,p=.015,n p=.154, with the longest mean perceived duration occurring for targets
following large sequencedM = 1.005 [.045]), thensmaM= . 947 [ . 05] ) M and fir
= .907 [.043]). The di erenceF(1h2ai-w2d3hp=1 ar ge a
002np= .335, while the di e r pe=n0849 and raiteskeesasn | ar g e
small were notf = .281).

I n the second test, no di erence sfseas found
large numbers following large contexts, regardlessxperimental conditiorp(= .616).
Interestingly, large targets were rated todnakiorter durations wheheyfollowed mixed
numerosity contextd{ = .907 [.054]) versus number contexts £ 1.035 [.043])F(1, 56) =
3.986,p=.051np= .066. Lastly, the dI=.T7T[OMpand bet ween
number M =1.083[.048]))apr oached significance in t R smal.l
56) = 3.546p = .065,n p= .06. To summarize (a) a switch in the context sequeniztion
modititel context e ect, a finding not in keeping
a common analogue code. (Bategorizing mixed dgiatterns context sequences may increase

cognitive loadoverall compared to categorizing Arabic digits, and thus reduce the impact that 9
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has on aubsequerniarget duration judgment. This is likely not the effef using a different
strategy for categorizing dphatterns, but likely the effect of the notation switch in Experiment 9.
General Discussion

Previousstudies have demonstrated that magnitude information, regardiess of
presentatioiormat,induces systematichiaseson perceptual judgments regarding time; however,
the extent to which contextual manipulations will modulate these biases has yet to be fully
investigated. The findings of current study ar
numerositiesvere rated as lasting for longer durations than small numbers and nume(asities
standardime-magnitudebias). (2)Cont ext e e c buswew asynemetecalj d e nt
occurring only for | arge magn ieteunphed bytwhethgret s, w
the context was presented in the same notationasthetangeta di er ent notati o
presented in the same notation (number or numerosity), larger magnitude values were rated to
have longer durations when they followed sroalitexts versus large contexts. (B) When
presented in di erent notations, | arger value
sequences. I n the case of pbeingsuppoitive otthe®NAH e ct
(i.e., a reduction in dajective duration due to repetition suppression); however, the account
cannot satisfactorily explain why a similar form of repetition suppression was notiefade
small magnitude targetg/e introduce a theory ithe Contrastive anchoring and tirreumbe
distortions section that may be abbeaccount for this asymmetry.

I n the case of point B, there appears to h
cognitive load of the mixedequence categorization task, in addition to the notatigich (from
numerosity to number) in Experiment 2, which may have contributedeidugtion in perceived

target durationln arecent metanalysis on 117 time perceptistudies it wasfound that across
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prospectivdiming paradigmsn increase in cognitive load was associated with a decrease in the
subjectiveto-objective duration rati(Block, Hancock, & Zakay, 2010x finding which
supports this theory(3) A contaste e c tonlyweadent for large numbers, and only evident
when context and target were in the same notaitnalicating the possiblpresence of separate
mechanism$ehindthe representations efymbolic number andot patterns Additionally, the
resultsof previous studie@Pariyad#h & Eagleman, 2004)ave shown that the decistiomaking
processes regarding magnitude may cbuatg to time perception bias@herefore, because in
the current studyparticipants providechagnitude judgments to all context sequence numbers, it
is posible that the presence of these magnitude judgments further contributed to the biases
observed in the current study byaltarffuencing p
decisionmaking stage.
Notation-Independence versus NotatiofDependence

An ongoirg debate in the numerical cognition literatuceiched upon in previous
chaptershas focused on whether there are regions of the IPS that code for number using a
notationindependent representation comnamnosgigits, number words, and dpatterns. Oa
theoretical account holds that neurons in the parietal cortex respond generally to the property of
“‘numbeand are insensitive to presentation fo
IPS plays a role in processing symbolic magnitude (&rghic digits and number wordEger
et al., 2003; Naccache & Dehaene, 2@®ibel, Dehaene, Riviére, & Le Bihan, 20@E)well as
nonsymbolic(e.g., numerosityi)nagnitudegPiazza et al., 2004)n an earlier study, it was
found that the repetitroof symbolic numbers (in Arabic digit forma#licited neural response

suppression in the IP@laccache & Dehaene, 200Therefore, if this area constitutes a
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notationindependent analog system for the representation of number, it should demonstrate
similar adaptation responses to repeatddes, regatdss ofnotation (dofpatterns, symbols).

The neurophysiological data in support of this has been mixed. In one study,
physiological neural adaptation was found despite changes to the numerical notation (from
symbolic to norsymbolic) suggesting th#ttes neual assembliesere coding the general
property of number ovesindabove presentation form@Riazza et al., 2007By contrast, other
studies have cast doubt on the conclusion that symbolic arslyndoolic numbers share a
common abstract representation in the. IBf8uman and Kanwishé2004) for example, found
no evidence of neural adaptation in regions of the IPS thought to be responsible for coding
symbolic number when numerosities were repeatedly presented (seecdlen,Kadosh &
Walsh, 2009)
Contrastive Anchoring and Time-Number Distortions

As an alternative to the NAH and ATOM framewarkahich suggest that
time-magnitude biases arise at representational stages of anallgsisatively time-number
magnitude biases arise at a later decis@king stage and constitute a unique instance of the
cognitive phenomenon known as anchoifNgewell & Shanks, 2014)t has been shown that
many compl ex judgment s nmcaohirreleeant numbessewhicheake by t h
subsequently used as benchmarks when forming an estimate. In most anchoring studies,
participants perforeda numerical estimatioon a subject they were not knowledgeable about
(e.g., estimang the number of Africanauntries in the United Nations). Anchoringssaid to
have occurred wWwesebiaspdanahe Hirectian ofitha humimegtisesre
making the comparison against (e.g., more/less‘th@@ will generate a larger estimate than

more/less thahl10") . I nterestingly, angcgadndoctunegenwhereond s ar
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is aware that the numerical anchor was generated from a random external event, like a
wheelof-fortune style spirfTversky & Kahneman, 1974)r generated internalllpy passively
l ooking at the | ast two defgaenakingarfestimaféeielys soci a
et al., 2003)

Anchoring e ect s pattapantoacpresentedsvithenoidentadd e n
numerical informationfor example participants ratéthe performance of athletes with larger
jersey numbers as bettandwerewilling to pay a higher price for food fronestaurants with
larger numbers in theirnanfjee . g. , “ St udi o Criciier & Gilgvich,208) udi o 17’
Furthermore, it is beginning to appear that anchoring is not limited to the use of numerical
information, but can transfer across a wide variety of dimensions. For exas\pleviously
noted,participantsvho illustratedonger (as opposed to shorter) Isegmentslso estimated the
Mississippi river to be longer, and estimated the average temperature of Hawaii to be higher
(Oppenheimer et al., 2008)

While anchoring generally elicits biasas magnitude judgments in the same direction of
the anchor (assimilative anchorjrege Chapter [)) the reverse (contrastive anchoring), in which
ratings or estimates are biased in the direction opposite the anchor, have also been demonstrated.
Interestngly, the form of anchoring elicited is often determined by minor manipulations to the
experimental taskMussweiler, 2003)For example, if people judge their own attractiveness
against a highly attractive standard (anchor), if the task enhances perceived similarities between
the individual and the anchor,samilative anchoring tends to ocdi&.g., seeing oneself as more
attractve) however, i f di erences are highli,ghted,

and the person will rate themselves as less attra@nesvn, Novik, Lord, & Richards, 1992)
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Frederick and Mochon (2018emonstratefurtherevidence for contrastive anchoring (also

referred to ascale distortion for magnitude judgements performed on a numerical scale.

Int heir experimental task, the participants fir
estimates far smaller than 1,000 pounds) or performed a control task. Afterwards, they were
presented witla list of 15 animals varying in weight from light (mouse) to very heavy (elephant)

and were asked to select the animal closest to 1,000 pounds. Interestingly, if the participants had
first estimated a wolf’'s weight ,theywereilclinéddaod anch
select an animal that was significantly | arger
exemplar of d,000poundanimal versus the control group (mean = 1,385 pounds).

In essence, by anchoring on a smaller magnitude intheeaxnt t ask (a wol f ' s
test weight (1,000 pounds) felt subjectively
with the contrast e e c8andabhenwbichéatgenameecdl i n Expe
targets (8, 9) were judged to largvhen they followed small magnitude cexts.This,
however, opens up another issue, why were no
(1, 2)? Why, for example, were they not perceived of as even shorter when they followed a large
context? Olgctive, numerical scales (e.g., weight, height, and quantity) are scales that have
meaningful zero points, while subjective scales (e.g., rating heaviness on a sedl@) afalnot.

Values that approach zero on an objective scale are likelytobe lessdpe® cont ext ual i
(e.g., contrastbecause their meaning is objectively associated with the doawandary limit of

the scaldMussweiler & Strack, 2000; Mussweiler, 200B) the case of quantity, the numbers 1

and 2 are representative of the scale’”s | ower

represent relatively large quantities, whicdluld further&e t end onwards from 10
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We propose that because the large values were not associated with an absolute scale
boundary, the interpretation of their relative magnitude was also open to contextual sources of
bias (e.g., contrast). Thikeory will require further testindpy using a larger range of values, for
example, the number 9 should feel by contrast
and 3's but also relatively small in e he pres
perceived as shorter in duration in the second example.
Conclusion

Perceived time is impacted by the magnigiesymbolic and norsymbolic numbers.
Additionally, manipulations tthe contextual information preceding the presentationtafget
numbercan further modify its perceived duratiddnly ime will tell whether the impact of
number magnitude on perceived duration is itself the result of an inadvertent mixing of analogue

magnitudes across dimensions, or is the result of biases at the dewsiog stage.
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Chapter V: Dissertation Conclusion

The conclusion that our sense of time is largedgrredfrom the events that occur in our
environment idardlya new ondas discussed idepth in Chapter] howeverthe general idea
that heuristics a& fluidly applied and used- at a preconscious level of analysit strategically
guide ourperceptuatesponses to the environment is still largely in its infaAsynoted by
some researchersthe application of heuristics in the reabrld not onlyimproves response
efficiency, but is often associated with increased accuracy agGwgdrenzer & Brighton,
2009) with the bounded ration&ji approach pasng thatour minds have evolved the capacity
to fluidly exploitregularities in the environmeirt order to devise processing shortcuts
(Gigerenzer & Todd, 1999; Todd & Gigerenzer, 2003)e concept ofattribute substitution
(Kahneman & Frederick, 2002, 200&gscribeshe mechanicthrough whichperceptual biases
ariseacross a wide array of decisiotasks, and stimuliln the current set of stugs, Ihave
proposd thatdifficult judgmentsegardingess accessible environmental properissich as
time —are more heavily weighted in favourrmelated propenres that are more accessible

Theheuristicapproachighlighted abovés consistent wih the recent Neural Reuse
model(Anderson, 2014PenneiWilger & Andern, 2008fouched upon in Chapter INvhich
posit thattheneural architecture of phylogenetically older skillsetssatessequentladapted to
serve nove(i.e., modern dg functions The ATOM frameworks largely consistent with this
approach as gupports the notiothat an evolutiondry older, manual action production system
hasadapted tsubserve the representasmi space, timand numbefWalsh, 2003)a
conclusion supported as far back as Guyau (1890, 1888)stated with respect to the existence

of psychological time in consciousness
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It [time] is therein the form of force, effort and also edention at least when the
organism begins to realize what it wants, but even then time is completely imbedded in
sensibility and motor action, and consequently it merges wittesg@uyau, 1890, 1988,
p. 111)
In boththeories the proposition is thahe mind isorganized to fit the requiremera$
the environment, with the bounded rationdétyribute substitutiompproachHocusing orhow
this is accomplished within the organisacrosdts own lifespanasthat organisniearns to
appl rule-setsin a topdown guided mannebased on experiencandthe ATOM/Neural Reuse
approacksfocusing on how this is accomplished an evolutionary scal@hereforethe
interactions observed between time and number dmildtiven by a more commonplace sharing
of neural resourceacross theepresentationsf spacetime, number and intensityhis
resourcesharing approach has also been adopted to explain wiitm@nsional interactions that
involve variations in notatim and have included the suggestion of a common pool of cognitive
resources shared for processing the magnitude of symbolic numbers, and physical (non
symbolic) quantitiegCantlon et al., 2009; Corbett, Oriet, & Rensink, 2006; S Dehaene et al.,
1998; Fias et al., 200But see Rousselle & Noél, 200A)ternatively, thesebiasesnayarise at
the outputdecisioamaking)stage, based on the substitution of infation that is experientially
relatedto duration (e.g., number/intensitygurther research wiltertainlybe required to
completely disentanglihese approaches
Overall,the current set of experiments largely indiddteatthe effect that number
magntudeexers on time perceptiors largely contextual. If judgingninterval between the
presentationsf two successivaumericaleventsthe absolute magnitude differereden

between tbsenumberds used as an index famterval duration. Furthermoraumber magnitude
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exerts biases on sound intengitggmentghat are similar to the effetttey exeron perceived
duration Finally, numbergan convearelative magnitude which is based onitimeaning
within a specificcontext For example,fia large targetnumberfollowed a series of small
numbers (vs. large number#)e degree of contraBbm the contexinade that targdeel even
largerinducing a longer duration estimaiéhese suggest that number/time interactions are
indeedflexible, and congxtually modifiable, and therefore are likebp-down in nature.

While the current findings cannot disentan§lEOM/Neural Reuse anBounded
rationality/Attribute substitutionapproaches, the results are decidedly not in favour of the
internal clock modeinterpretation Firstly, In Chapter Il it was found that the absolute
magnitude of the numbers bounding the interval had no impact on interval duration, but rather,
the magnitude difference was the deciding factor. If the internal clock model werd,canrec
intervalseparatedby two large magnitude stimulus events3(should haveesulted in donger
durationversusan intervalseparatetby two small magnitude events-2). In reality, they were
perceived to be identical oluration Secondly, in Chapr Ill, it was found that numbers exerted
the exact same effect on sound intensity judgments that they have been repeatedly shown to have
on duration estimates. Again, as noted by Block (2003), the only way to reconcile these kinds of
analogous findingscaoss dimensions is to rework the basic internal clock model format, into a
more gener al i nternal “perceiving” model

Finally, in Chapter IV, contrast effexivereunique to large magnitudargetnumbergs8,

9). For example, 8 or €ended to bgudged adongerin durationwhen followinga series of
small digits (1, 2, 3yersudarge digits (7, 8, 9)The internal clock model pred&thatsimilar
oddbalttype effects aredriven byenhanced@rousalcaused by expectancy violatioridhis

however seems extreely unlikely, asthe measuredontrast effect did not occimr small
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magnitudenumber targetd-or example, and 2werenot perceived of as any longearduration

whentheyfollowedlarge contexsequencethan whertheyfollowedsmallcontext sequencel

expectancy violationspead up the pacemakers o, théenfheyshould do seegardless of the
target’s magnitude.

Across all three experimental paradigms there were findings that internal clock models
arenotequipped to explairand as such, thesedels should no longée appliedas potential
explanations fotime perception biases atemporalillusions, or they should be extensively
revised or eliminatedentirely. While our ability tosensdime seems mysterious and intangible
in relation toour other more concrefgerceptual processéke that of spatiahndnumerical
processg, an understanding of what drives temporal illusions can help further illuraimate
just our understanding of hoour sense aime is created in the brainbut asothe regularities
that drive perception in generatterestingly, and perhaps perplexingly, it is through studying
illusions and biases elicited in the lab that we can come to understand how the application of

heuristics can be so effectiveamaturakcontext
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