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Spatial-temporal association of response codes

Abstract
The present study addresses the question of how ancabstract concept as time is
represented by our cognitive system. Specificalig, aim was to assess whether temporal
information is cognitively represented through -keftright spatial coordinates, as already
shown for other ordered sequences (e.g., numberdhe experiment 1, the task-relevant
information was the temporal duration of a cros$sRvere shorter when short and long
durations had to be responded to with left andtriglinds, respectively, than with the
opposite stimulus-response mapping. The possilp@aeation that the foreperiod effect (i.e.,
shorter RTs for longer durations) is greater wiitphtr than with left hand responses is
discarded by results of experiment 2, in whichtrigihd left hand responses alternated block-
wise in a variable foreperiod paradigm. Other emptions concerning manual or
hemispheric asymmetries may be excluded basedearesllts of control experiments, which
show that the compatibility effect between respoesk and cross duration occurs for
accuracy when responses are given with crossedsh@xgeriment 3), and for RTs when
responses are given within one hand (experimenti$. pattern suggests that elapsing time,
similarly to other ordered information, is represehin some circumstances through an
internal spatial reference frame, in a way that nmélyyence motor performance. Finally, in
the experiment 5, the temporal duration was panaca#ly varied using different values for
each response category (i.e., 3 short and 3 lorgfidns). The compatibility effect between
hand and duration was replicated, but followed carggular function of the duration. The

shape of this function is discussed in relatioth®ospecific task demands.
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Investigation of the neural substrate of time pssagg has recently been the focus of an
increasing number of studies (e.g., Ivry & Spen2604; Lange, Cramer, & Roder, 2006;
Lewis & Miall, 2006; Macar, Coull, & Vidal, 2006;iesey, Wall, & Smith, 2007; Miniussi,
Wilding, Coull, & Nobre, 1999). In spite of this@wing interest in the anatomical basis of
time processing, however, there is relativelydittl the literature on how the cognitive
system represents such an elusive concept as time.

Cognitive representation of elapsing time is likedybe at least partially visuo-spatial in
nature. Specifically, graphic representationsroktare generally consistent as far as
direction is concerned: most timelines run fron tefright. When time is represented in a
Cartesian x-axis, for instance, shorter time vahresrepresented on the left, whereas longer
time values are shown on the right. The consistefeych a representation would fit with a
cognitive origin of this convention (cf. Tversky995). As another example, music is written
from the leftmost to the rightmost part of the @gmam, where the notes on the left have to
be executed by a musician ‘before’ those on thet.rigoreover, Van Sommers (1984) asked
participants to draw a visual representation ottiost participants drew a horizontal
timeline proceeding from left to right. In problesalving from flow charts (Krohn, 1983),
participants who studied flow charts developingrrieft to right made fewer errors and were
faster to read the flow chart and to solve the l@mols, than participants who used the flow
charts with a right-to-left directionality. Thegadings are consistent with the general idea
that space is often used cognitively to convey nmepfLakoff & Johnson, 1980; Scaife &
Rogers, 1996; Zacks & Tversky, 1999). Memory, reasp and cognitive processing in
general, seem to be facilitated by visuo-spatiatesentations (Larkin & Simon, 1987; Scaife
& Rogers, 1996; Stenning & Oberlander, 1995; Tverdl®95).

Why should spatial representation of time devetomfleft to right and not, for instance,

the other way round? A possible determinant ofdihectionality of time is constituted by the
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words used in a given language to describe timglifinand Mandarin Chinese, for instance,
speak about time horizontally and vertically, redpely. This linguistic habit seems to
shape thought, as temporal judgments are fagpeiniled by vertical spatial arrays for
Mandarin speakers and by horizontal arrays for iEhgpeakers (Boroditsky, 2001).
However, in this interpretation there is the comfdihat not only the words used to describe
time but also writing directions are different betm English and Mandarin (left-to-right and
top-to-down, respectively). Thus, the conventiomepfresenting time from left to right is
likely to derive from the Roman writing system, wihiadopts a left-to-right directionality.
Consistent with this hypothesis, Zwaan (1965) fotivad Dutch people, who read and write
from left to right, associate the left side of frege with the idea of ‘past’. In contrast, Israeli
people, who read and write from right to left, telthis idea with the right side. Moreover,
Tversky, Kugelmass, and Winter (1991) studied thg im which children from three
linguistic groups, English, Arabic and Hebrew, proeld graphical representations of various
relations, such as temporal, spatial, quantitaawel, preference relations. An effect of
directionality of the written language was presamly when temporal concepts were
represented: left-to-right was dominant for Engbgpleakers, right-to-left was dominant for
Arabic speakers, with Hebrew speakers in the middle

The left-to-right directionality seems to be a detent feature of how the cognitive
system represents ordered material also in otheadws. As an example, the cognitive
representation of numbers has been shown to bmre sxtent spatial in nature (Dehaene,
Bossini, & Giraux, 1993). Even when number magretigirrelevant for the task (e.g., parity
judgement), RTs tend to be shorter when relatigetall numbers are responded to with a
left key, and large numbers are responded to witbhe key, respectively, than vice versa, at
least in cultures using the Roman writing systerah@ene et al., 1993; Zebian, 2005). This is

the so-called Spatial Numerical Association of Rese Codes (SNARC) effect (Dehaene, et
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al., 1993; see also Gevers, Verguts, Reynvoet,deass& Fias, 2006). According to the
authors’ interpretation, Arabic numerals automditjcactivate a magnitude code. This code
is represented in terms of left and right partarofinalogical mental number line. The left
and right codes generated by the representatioraghitudes cause facilitation in the case of
compatible responses and interference in the daseampatible ones (see Dehaene, 2003,
for a review). On the other hand, in order to actdar other related phenomena, such as the
number distance and size effects, Zorzi and Butighw(1999) developed a computational
model where number magnitude is not analogicaflyagented through a continuous mental
number line but through discrete numerosity codlbsse opposite views may be reconciled
by assuming that multiple representations of nucaéguantity exist, and that which
representation is used at a given moment depentleamature of the task (Siegler & Opfer,
2003). Furthermore, other non-numerical materiath wrdinal properties, such as letters and
months, have also been demonstrated to have somefespatially coded representation as,
in some conditions, they show stimulus-responsB) 8empatibility effects similar to the
SNARC effect (Gevers, Reynvoet, & Fias, 2003; lm& Behaene et al., 1993, experiment 4).

It is conceivable that analogous S-R compatibpienomena may occur when duration
is the critical stimulus feature experimentally npartated, as duration also conveys ordered
information developing from early to late. In adulit, the hypothesis that the cognitive
representation of time is in part spatial in naisralso suggested by anatomical evidence.
Indeed, electrophysiological (Lange et al., 200@yropsychological (Basso, Nichelli,
Frassinetti, & Di Pellegrino, 1996; Critchley, 19%8rrington & Haaland, 1999),
Transcranial Magnetic Stimulation (Bjoertomt, Cow&yWalsh, 2002; Walsh & Pascual-
Leone, 2003), and functional imaging (e.g., Raoydia& Harrington, 2001) literature

shows that both spatial and temporal informatioly & processed within common cortical
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areas, such as the right inferior parietal conéxch has been held to be the seat of a
magnitude processing general system (Walsh, 2003).

The aim of the current study is to test the preéalicthat, if time is cognitively
represented by means of spatial coordinates, ilogyn&o numbers and other types of
ordered material, it should be possible to obssmvdlar interfering or facilitating effects of
those spatial coordinates in the performance eicsetl tasks. Specifically, when temporal
duration has to be estimated, elapsing time mag|mesented progressively from left to
right, at least in people using the Roman writiggtem. It is known that a laterally presented
physical stimulus produces a shift of spatial ditento the same side of the stimulus, and
this is also true for moving stimuli (e.g., Pro¢tdan Zandt, Lu, & Weeks, 1993). This
attentional shift, in turn, generates a spatighoese code on the same direction (e.g., Umilta
& Nicoletti, 1985), which activates a congruentp@sse and causes costs if the task-relevant
response should be different from that activatedeims of both speed and accuracy (i.e.,
spatial compatibility effect and Simon effect; e@raft & Simon, 1970; Hommel & Prinz,
1997; Umilta & Nicoletti, 1990).

In the light of these well-known phenomena in thatgl attention domain, and of the
graphical, cognitive and anatomical links betwegace and time, the following prediction is
made. The dynamic spatial representation of timmfieft to right, if it exists, may cause an
analogue shift of attention and generate a spa&sglonse code, which is accordingly updated
continuously from left to right. Under this assumopt we predict that a left response will
tend to be faster and/or more accurate than amgmonse when it is associated to a
relatively short temporal duration, while a rigasponse will tend to be faster and/or more

accurate than a left one when it is associatedétatively long duration.

Experiment 1
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Experiment 1 was specifically designed to test Wwheelapsing time is mentally
represented in terms of spatial coordinates deugydpom left to right. If this spatial
representation exists, it should be possible ted&-R compatibility effects similar to those
found in other spatial compatibility tasks (see Haeh& Prinz, 1997; Umilta & Nicoletti,

1990, for reviews).

Method
Participants
Twenty healthy volunteers (11 women and 9 men) fwaok in experiment 1. They were
25 years old on average (range = 18-32). All thiigppants were right-handed. The average
score on the Edinburgh Handedness Inventory (Ekii€dd, 1971) was 82 (range: 55-100).
All participants volunteering in the whole studyredtalian speakers (mother tongue) and
had a medium-high educational level (years of etluca 13). All of them were naive to the

purpose of the experiment and were paid 6 eurobqar.

Apparatus and Materials

Participants were tested individually in a quied aormally illuminated room. A
personal computer was used for stimulus presentatid response sampling. Visual stimuli
were presented through a 19-inch VGA-display astadce of ~60 cm. A central cross (2
yellow crossed bars, 1.0 x 0.5 cm) was used atidixal he imperative stimulus consisted of
a downward pointing white arrow (a 1.5 x 1 cm k#ached to a 0.5 cm arrowhead with a

maximum width of 2 cm).

Procedure and Task
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Before beginning the experiment, each participaas vequired to fill in the EHI. A trial
started with the central fixation cross, lastingddoreperiod (FP) of 1 or 3 sec. The 2 values
of the FP were presented randomly on an equal nuailieals. After the FP elapsed, the
arrow requiring a response was presented. Thectaslisted of pressing ‘Z’ for a short cross
duration (i.e., 1 sec) and ‘/’ for a long crossation (i.e., 3 sec). The stimulus
duration/response key assignment was inverted b@trials. The order of presentation of
the 2 possible S-R mappings was counterbalancedsaparticipants. After a response was
detected, a 1 sec blank separated one trial frenottier. A familiarization block, consisting
of 20 trials, preceded each experimental block wghosite S-R mappings (160 trials each).
During this phase, a visual feedback was displdyed second soon after the response. The
feedback provided during the initial practice plsasensisted of the green string (in Italian):
“good! Go on with the next trial!”, for correct i@snses, the red string: “wrong response, be
careful!” plus a sound (a 1500 Hz pure tone lasii@gns) for incorrect responses, and the
red string: “too slow, try to be faster!” (plus thB00 Hz sound) for slow responses (>1500
ms) or null responses. The familiarization phass epeated until participants made 2 errors

or less. All participants reached this criterioteafL-2 familiarization phases.

Data Analysis

Trials were treated as errors and discarded fraRfh analyses if a response was made
during the FP or the first 100 ms after the arrowed (anticipated responses), if the RT was
slower than 1500 ms or no response was detecté&/édeand null responses), and if the FP
judgment was incorrect. A 2x2 repeated measures WWAl®@as performed both for accuracy
and mean RTs of correct trials, with FP (1 vs. @ s@d response side (left vs. right) as the
within-subjects factors. Although the FP on thecpring trial is known to interact with FP

on the current trial (i.e., sequential effects; ,eNgemi & Naatanen, 1981; Vallesi & Shallice,
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in press; Vallesi et al., 2007a), preliminary asalydid not show any significant interaction
between the FP on the preceding trial and respsidsewhich is relevant for the present
purposes. For this reason, the preceding FP facgsmot included in the subsequent
analyses.

As the FR x response side interaction was significant imteof RTs (see results), we
tested whether the opposite effects of responseamidhe short and long FPs correlated. For
this reason, the RT differences between the lefttha right hand responses on the short and

long FP durations were also analyzed by using asBea correlation.

Results
Accuracy
There were virtually no anticipated responses (0.486 delayed or null responses
(0.7%). Moreover errors in judging the cross dwratvere less than 4.4%. No significant

effect was observed in the ANOVA concerning accyrac

Reaction Times

The effect of FP (i.e., cross duration) was sigaffit F(1, 19) = 181p < .001],
indicating that RTs were shorter for the long Fntfor the short one (381 vs. 507 ms). The
FP x response side interaction was also signififat, 19) = 6.1p < .05; see Figure 1].
This interaction indicated that responding to thers FP was faster with the left hand than
with the right one (499 vs. 516 ms), and respontirte long FP was faster with the right
hand than with the left one (366 vs. 396 ms). Tsteesmparing left vs. right hand RTs for the

short duration and for the long duration were ®mificant (for bothp < .05).

Insert Figure 1 about here
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If the effects of response side on short and |dag &e due to different mechanisms,
there is no reason why they should be correlatedh® other hand, if they are due to a
common underlying mechanism, they should be cde@laA Pearson’s correlation analysis
was therefore conducted on the effect sizes R'E difference between left and right
response side) in the short and long duration ¢immdi. This analysis gave a significant

positive correlation (r = .44 < .05, see Figure 2).

Insert Figure 2 about here

Discussion

The results of experiment 1 confirm the literatonethe FP effect, replicating this effect
in a task where the FP duration is explicitly eadtd. However, the key finding is that the
speed in judging the FP length (operationalizethagluration of the fixation cross) is not
constant, but depends on the side of the respoes@onding to a short FP was faster with the
left key than with the right key, whereas respogdma long FP was faster with the right key
than with the left one. The opposite effects ohgdeft and right hands on the short and long
durations correlated, suggesting that they mighvddrom a common underlying
mechanism.

As predicted in the Introduction, a possible intetation of the S-R compatibility effect
found here could be that elapsing time is cogniivepresented by a spatial vector running
from left to right. Spatial attention would shift@rdingly from left to right as time elapses,
producing an ‘irrelevant’ response code, which d&y® continuously according to the
spatially represented mental timeline, namely fieftito right. This in turn may produce

effects similar to some well-known spatial S-R catiiplity effects, like the Simon effect
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(e.g., Hommel & Prinz, 1997). Thus, performance Mde facilitated during the blocks in
which the relevant response code (given by theuoBbns associating duration to a
response) corresponds to the formally irrelevargatiionality code, and delayed during the
blocks in which the relevant and the irrelevanpoese codes go in opposite directions. In
the latter case, indeed, the irrelevant responde wmuld need to be inhibited before the
‘relevant’ correct response can be executed, isangeRTs. However, before developing this

explanation further, alternative interpretationschéo be carefully considered.

Experiment 2

In order to test the hypothesis that elapsing isnmepresented through spatial
coordinates, a variable FP paradigm (e.g., Niemi&&tanen, 1981) was used in the
experiment 1. In this paradigm, different FPs (iceoss durations) alternate randomly and
equiprobably across trials. As a result, RTs aogtehfor longer FPs than for shorter ones.
This is the so-called FP effect (Woodrow, 1914)erEfiore, an alternative explanation of a
compatibility phenomenon between FP duration asdarse side found in experiment 1
could be the presence of a greater FP effect beraiesponding hand. This explanation
would fit results of other compatibility effectsyjah as the Simon effect, which is known to
be larger with the dominant hand than with the dominant one (e.g., Rubichi & Nicoletti,
2006). It is not possible to test this specific tiyesis directly from experiment 1 because, in
each mapping, the FP effect was given by the coatioim of right and left hand responses
within the same block. Experiment 2 directly invgated this explanation by using a variable
FP paradigm embedded in a simple RT task, whereard hand had to respond in each

block.

Method
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Participants

Fourteen healthy participants (10 women and 4 mehinteered in experiment 2. They
were 26 years old on average (range = 21-35). Apart 2 left-handed participants (EHI: -
55 and -80, respectively), all the others weretrlginded. The average score on the EHI was

63.6 (range from -80 to 100).

Apparatus and Materials
Apparatus and materials were basically the sane the experiment 1. The only
difference was that participants had to keep tdexrfinger of the responding hand on the

keyboard spacebar.

Procedure and Task

A trial started with the presentation of the fixeaticross, which marked the beginning of
the FP (i.e., 1 vs. 3 sec, 50% each, random prasamt. When the FP ended, an arrow
replaced the fixation. Participants were requigedespond as fast as possible to the arrow by
pressing the spacebar, with their right index fimgeone block, and with their left index
finger in the other block. The order of presentatwd the 2 blocks was counterbalanced
across participants. The arrow was removed bydbpanse key press. After a blank interval
of 1 sec, a new trial started. Two blocks of 8al&i(40 per each FP) were presented during

each session to each participant. Ten practids praceded each experimental block.

Data Analysis
Trials were treated as errors and discarded fraR{h analyses if a response was made
during the FP or the first 100 ms after imperasitimulus onset (anticipated responses), or if

the RT was slower than 1500 ms or no response ®tastéd (delayed and null responses).
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Mean RTs were submitted to a 2 FP (1 vs. 3 sed)esonding hand (left vs. right) repeated

measures ANOVA.

Results
Accuracy

Anticipated and delayed responses were 1% and Ocf4Pe total, respectively.

Reaction Times

The FP effect was the only significant effect foumdhe ANOVA on RTsIE(1, 13) =
37.2,p < .001, see Figure 3], due to RTs being shortettfedong FP than for the short one
(314 vs. 361 ms). In particular, the FP x respogdhand interaction was far from significant
[F(1, 13) = .2p > .88]. After the exclusion of the 2 left handedtzgpants, the pattern of
ANOVA results was virtually identical. Moreover gtlicHI score did not correlate with the
RT difference between the left and right hand rasps for short and long FPs [r = -.p%&

2;r=.49p = .08, respectively].

Insert Figure 3 about here

Discussion
Experiment 2 was designed to test whether the féetetas greater when responding
with the right hand than with the left one. No diffnce between hands was observed (even
when the 2 left-handed patrticipants were excluded)the EHI score did not correlate with
any between-hands RT difference in either the sbrdidng FP condition. This pattern of
results does not support the possibility that tRebly hand interaction found in the

experiment 1 can be explained in terms of a grd&®eeffect with either hand. However,



Spatial-temporal association of response cobies

experiment 2 did not require competition betweenzlhands, as responses had to be given

with one hand at a time in 2 separate blocks afhgle RT task.

Experiment 3

Results of experiment 2 excluded an account o€timepatibility effect found between
temporal duration and responding hand concernuhifferential FP effect size in either hand.
However, the possibility remains that the mechaniswerlying the critical interaction in the
experiment 1 derives from a within-trial competitibetween responding hands/hemispheres.
For instance, it might be supposed that left hagickihemisphere is better in responding to
rapid temporal durations, and right hand/left hgrnese is better in responding to slower
temporal durations, and that this differential gpllvould appear only when the selected
response side switches within-blocks.

In order to choose between an explanation of tpersarity of the left-short/right-long
mapping in terms of the response spatial positien (eft vs. right response key), and
another in terms of the responding hand (i.e. trighleft hand), in experiment 3 a
manipulation was adopted, which is well-known ia #patial compatibility literature (e.g.,
Dehaene et al., 1993; Rubichi & Nicoletti, 2006; \&ee, 1971): participants had to respond
with their hands crossed, so that the right hamdishpress a left key and the left hand
should press a right key. In this case, the respposition and the anatomical identity of the
effector do not correspond.

If the interaction observed in the experiment $egifrom asymmetric proprioceptive or
motor skills between the two hands/hemispheresheeld observe an inversion of the
compatibility effect with respect to the keys.Hetinteraction is instead due to some

preferred association between the left visual hpads with short FP and the right visual
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hemispace with long FPs, no change should be obd@nthe interaction for the response

keys compared to experiment 1.

Method
Participants
Seventeen healthy volunteers (11 women and 6 mek)part in experiment 3. A male
participant was excluded because he did not fotlmninstructions throughout, as he used an
anatomical hand position for one block (i.e., hedhd on the left key and right hand on the
right key). The final sample used for the analytbesefore consisted of 16 participants. They
were 27 years old on average (range = 21-32). Withexception, all participants were

right-handed (mean EHI score: 65; range from -75010).

Apparatus and Materials

The apparatus and materials were the same as exfigiment 1 apart from the
following exception. For the responses, participdrad to keep their hands crossed. The key
located to the left of the body midline (‘Z’) wasegsed by the right index finger, whereas the

key located to the right (‘/’) was pressed by thi index finger.

Procedure and Task

Two blocks of 160 trials each were administerecbria block, the ‘Z’ key had to be
pressed by the right hand after a short crossidatand the ‘' key had to be pressed by the
left hand after a long cross duration. The oppdsite mapping was applied in the other
block. The order of presentation of the 2 blocks waunterbalanced across participants. Half
of each block was performed with the right hanaditag on the top of the left one and the

other half was performed with the left hand ontthyeof the right one. Half of the
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participants started each block with one positiod then switched position after 80 trials.
The opposite order was used for the other haliefparticipants. A practice phase with 20
trials (10 per each FP) was given at the beginofreach block. Similar feedback to that

employed in experiment 1 was displayed at the éméch trial during the practice phase.

Data Analysis
The same criteria as in experiment 1 were useddlu@e incorrect trials. Accuracy and
mean RTs of correct trials were analysed by meda<2d-Ps (short vs. long) x 2 response

side (left vs. right key) repeated measures ANOVA.

Results
Accuracy
There were virtually no anticipations during the FRe FP x response side interaction
was significantF(1, 15) = 8.4p < .01; see Figure 4]. Participants tended to matef
errors when they had to respond to the short FRtidarby pressing the key on the left side
than by pressing the key on the right side (96.98S8 %, respectively; t-test n.s.), whereas
the pattern was inverted when they had to respotigetlong FP duration (98.2 vs. 96.2 %,

with the right and left keys, respectively; t-tgst .05).

Reaction Times

The FP effect was the only significant effect foumdhe ANOVA for RTs F(1, 15) =
67.6,p <.001, see Figure 4], due to RTs being shortettfedong FP than for the short one
(348 vs. 471 ms). In particular, the interactiobwsen FP and response side was far from

significant [F(1, 15) = .87p = .37].
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Insert Figure 4 about here

Discussion

The only difference in the procedure with respeaxiperiment 1 was that in experiment
3 participants responded with crossed hands. Resluitwed a complete lack of interaction
between responding hands (and response keys) addr&fon in terms of RTs, although an
interaction was present in terms of accuracy. Then&l effect shows that, when hands are
crossed, so that the right hand is used with thé&déy and the left hand with the right key,
the S-R compatibility effect between response arm FP duration found in experiment 1
totally disappears, suggesting that this effectireg hands anatomically positioned on the
spatially corresponding response key in order tunat least in terms of speed. However,
the null effect is uninformative about whether g-kelated or a hand-related explanation
applies to the compatibility effect found in expeeint 1. Indeed, to be compatible with the
key-related account, the results should have Heesdme as in experiment 1, when response
keys are considered. Conversely, to be compatiltteashand-related account, the results
should have been the opposite of those obtainegpariment 1, when response keys are
considered.

However, the compatibility effect was present iis #xperiment for accuracy, as
responses to the short FP tended to be more aeaunain the left key (right hand) was
pressed rather than the right key (left hand), eagresponses to the long FP were
significantly more accurate with a right key-présan with left one. The shift of the S-R
compatibility effect from speed to accuracy couldgest a change in the participants’
strategy due to an increase in task difficulty. &foeally, participants may have decided to
perform the ergonomically challenging task at atreély high speed (409 ms here vs. 443

ms in experiment 1, where hands were anatomicakytipned), despite its difficulty, with
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the result that they made more errors in the mofiewlt conditions (i.e., left and right key-
presses for long and short FPs, respectively). bptéhe direction of this interaction,
although only partially supported by subsequessts, is in line with an account relating the
compatibility effect to the spatial position of tresponse target (i.e., keys) rather than of the
responding effectors (i.e., hands), in analogy witer effects, such as the spatial

compatibility effect (e.g., Riggio, Gawryszewski,l&nilta, 1986).

Experiment 4

Experiment 3 tested whether asymmetries betweetsitaamispheres could be
responsible for the compatibility effect found xperiment 1 using crossed hands. This
manipulation, however, failed to produce a cleanpatibility effect between responding
hands (or keys) and FP duration, at least in tefnf&Ts, such that it was impossible to
choose between accounts related to manual/hemis@symmetries and accounts related to
the spatial positions of the response keys. Foligvain analogue rationale, in experiment 4
two fingers of the dominant hand were used forésponse, in order to check if there is a
temporal S-R compatibility effect between tempahadation of the stimulus and spatial
position of the response even within one hand. Ttingsindex and middle fingers of the
dominant hand were used to give the responséd®e lHeisponse key relative positions (and not
hands) matter, there should be a similar compayilgffect as that found in the experiment 1
even within a single hand. In other words, if tife@ found in experiment 1 manifests itself
even within one hand, any explanation concerningisigheric asymmetries should be

discarded.

Method

Participants
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Eighteen healthy volunteers (11 women and 7 nao¥ part in experiment 4. They
were 26 years old on average (range = 21-35). &li@pants were right-handed (EHI: 75;
range 20-100). Two additional participants werevjangsly discarded from the analyses
because they declared to have systematically cdumterder to estimate the cross duration

(see Procedure).

Apparatus and Materials
The same apparatus and materials were used apenreent 1, apart from the fact that
responses were not bimanual but should be giverguke index and middle fingers of the

dominant hand.

Procedure and Task

The procedure and task were similar to those addptexperiment 1. The only
difference was that the response should be givemrdssing a key (‘B’) with the index finger
of the dominant hand and another key (‘N’) with theldle finger of the same hand. The ‘B’
and ‘N’ keys were labeled and referred to in thetrinctions with a red and green color,
respectively, in order to avoid linguistic biaskgleed, a couple of pilot participants reported
that it was difficult to associate the ‘B’ labeladong duration because ‘B’ is the initial letter
of the word ‘brief’ (in Italian: ‘breve’). The rednd green keys were inverted for half of the
participants (i.e., ‘N’ = red; ‘B’ = green). In ornock, participants had to press the key
labeled with one color for a short cross duratang the key labeled with another color for a
long cross duration. In another block, the key-tlareassociations were inverted. The order
in which the 2 key-duration mappings were adminégtevas counterbalanced across
participants. A familiarization phase (20 trialsjiwa feedback procedure similar to that used

in experiment 1 was adopted also here at the begjrai each block. After each
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familiarization phase, a test phase followed widht$als with a cross duration (i.e., FP)
randomly varying between 1 and 3 seconds (50% ebigon completion of the study,
participants received a post-experimental questimanin a first question, participants were
asked if they had counted or used other stratégipsrform the task. In a second multiple
choice question, they were asked to choose a minadity for their representation of elapsing
time. The available response choices were: leftyigght-left, top-down, bottom-up,
clockwise, counterclockwise. The order with whibkge alternatives appeared varied

randomly across participants. The option ‘othersva#so provided.

Data Analysis
Trials were treated as errors using the same ieriésrin experiment 1. A 2 FP duration
(1 vs. 3 sec) x 2 response side (left vs. rightQAM was employed for both accuracy and

mean RTs on correct trials.

Results
Accuracy
Anticipated responses were 0.13%, delayed andesplonses were the 0.27%, incorrect
FP judgments were 5%. No effect was significarihe@ANOVA concerning accuracy of the

FP judgment.

Reaction Times

The main effect of FP was significami(]L, 17) = 73.4p < .001], due to RTs being
shorter for a long FP than for a short one (34042Wims, respectively). Critically, the FP x
response side interaction was also significk(it,[17) = 9.3p < .01, see Figure 6]. This

interaction was due to RTs being shorter when lioet$=P (i.e., short cross duration) was
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responded to with the left key (i.e., ‘B’) rathbah with the right key (411 vs. 443 ms, t-test,
p = .01), and when the long FP was responded totivghight key (i.e., ‘N’) rather than with

the left key (328 vs. 352 ms, t-tegtg .05).

Insert Figure 5 about here

As in experiment 1, a further Pearson’s correlasinalysis was conducted between the
effect size (i.e., RT difference between left aigthtr response side) in the short and long
duration conditions. This analysis showed a tremdafpositive correlation (r = .4@,= .078),

partially confirming results of experiment 1.

Debriefings

As reported above, 2 participants out of 20 stdtatithey systematically used a strategy
to give their response. This strategy consistezbahting how many seconds each FP lasted
(sub-vocal pronunciation). More importantly, whesked to give a directionality to elapsing
time by choosing one of 6 alternative answers, dili@pants chose the left-to-right option, 1

participant chose the clockwise option, and angpaeticipant chose the top-to-down option.

Discussion
The key result of experiment 4 was the responselsyd=P interaction, which showed
that the compatibility effect found in experimentiding 2 hands can be also replicated when
2 fingers of only one hand are used for the respansleed, during the block in which the
left key had to be pressed after a short crosgidarand the right key had to be pressed after
a long duration, RTs were shorter than during flbekoin which the key-duration mapping

was reversed (i.e., left key = long duration; rigay = short duration). It should be noted that
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response keys were never labeled as ‘left’ andhtriduring the instructions given to the
participants, but only through labels correspondmtheir color (i.e., ‘red’ and ‘green’,
assignment to the left and right response keysteoo@anced across participants).

The pattern of data obtained in the experimentggssts that the compatibility effect
between response keys and FP durations found iexiperiment 1 cannot be accounted for
with explanations concerning hemispheric asymmgtdempetitions between hands, or
handedness (all the participants were right-haimged). During the post-test questionnaire,
18/20 participants declared they represented elgpgsne from left to right. Although the
possibility exists that they developed this repnéston because it was suggested by the
modality of response (left vs. right key), thisukss in line with other studies (e.g., Traugott,
1975; Zwaan, 1965, quoted by Winn, 1994; Tversksl etl991), where no analogous task
was performed by participants before the questimeni&loreover, three participants
spontaneously declared during the post-experimeetaliefing to have had the subjective

feeling that the short-left/long-right associatiwas more natural and easier.

Experiment 5

The aim of experiment 5 was to further investigagenature of the compatibility effect
found in the previous experiments by parametricadigying the FP length along a
continuum, instead of using only two FP values ¢ontinuous spatial representation of
elapsing time from left to right underlies thisesft, as proposed in the Introduction, a gradual
influence of the FP duration should be observether5-R compatibility effect found in
experiment 1. This prediction is motivated by thetfthat spatial attention should also
progressively move from left to right along thiswiauous temporal line, generating a spatial
response code which is continuously updated frdtdeight. As a consequence of this

attentional orienting mechanism, the largest RTaathge should be observed with a left
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response to the shortest durations and with a regonse to the longest durations, with
these effects gradually reducing as one moves titssthe centre of the FP range used, where
spatial attention should not be biased toward®eglde. A categorical function would be
problematic on this account and would require atersition of alternative accounts and at

least further refinements of this hypothesis.

Method
Participants
Data from 27 healthy volunteers (17 women and 10)mere included in the analyses
of experiment 5. These participants were 26 yelarem average (range = 21-34). All were
right-handed. The average score on the EHI was(fr&ge: 30-100). One extra female
participant was previously discarded from the asedybecause she declared to have

systematically counted in order to estimate thexuration (see Procedure).

Apparatus and Materials
Apparatus and materials were the same as in exeetiiy apart from the following
exception: the fixation cross lasted for a FP &f Q.or 1.5 sec (‘short’ duration) and for a FP

of 2.5, 3 or 3.5 sec (‘long’ duration).

Procedure and Task

The procedure and task were basically similar ds¢hused in the experiment 1, with the
following exceptions. The 6 values of the FP (iceoss duration) were presented randomly
on an equal number of trials (30 for each). Thk tamsisted of pressing ‘Z’ for a short cross
duration (i.e., 0.5, 1 and 1.5 sec), and ‘/’ fdoag cross duration (i.e., 2.5, 3, and 3.5 sec).
The stimulus duration/response key assignment maested after 180 trials. The order of

presentation of the 2 possible S-R mappings wastedwalanced across participants. A
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familiarization block, consisting of 24 trials (€mpeach cross duration), preceded each
experimental block with opposite S-R mappings (tt&0s each). During this practice block,
similar feedback to that used in the previous expemts was provided at the end of each
trial. The familiarization block was repeated uatitriterion of 3 errors or less was reached.
No more than 3 familiarization cycles were necesfarany participant. As for experiment
4, after the completion of the test, participan&evasked whether they had counted or used

other strategies in order to perform the task.

Data Analysis

The same criteria as in experiment 1 were useth®analysis of the errors. A 6x2
repeated measures ANOVA was performed both forracguand mean RTs of correct trials,
with FP (0.5, 1, 1.5, 2.5, 3, and 3.5 sec) andaesp side (left vs. right) as the within-subject
factors.

An additional analysis was carried out in ordetetst which of two models better
accounted for the S-R compatibility effect acrdssdifferent FPs. One model was that the
difference between left and right RTs changes tigesith FP (0.5, 1.0, 1.5, 2.5, 3.0, and 3.5
sec). Another model was that the left-right respatifference changes categorically, taking
on two levels, one for short FPs (0.5, 1.0, ands) &nd another for long FPs (2.5, 3.0, and
3.5 sec). These two models will be referred taresal and rectangular, respectively. To
compare the fit of these two models of the comatikeffect, the observed residual sums of
squares were extracted for this sample under liaeadrectangular models and the difference
between them was calculated. Since the two modeis non-nested, and there was the
possibility of serial correlation among the residudue to repeated measurement within a
subject, the distribution of the difference betweesidual sums of squares was estimated

using bootstrap samples. Bootstrap samples wesdraoted using an algorithm similar to



Spatial-temporal association of response ca2les

that described by Wu & Zhang (2002). As a prelimyrgtep, each subject’s observed values
were centered around their mean in order to redubsequent estimation to single parameter
models. A single parameter estimate was obtainedaoh subject under the linear model
(null hypothesis) and the subject’s residual veatas obtained by fitting the rectangular
model (alternative hypothesis). The next step wanstruct a bootstrap sample by
resampling subjects’ residual vectors with replagetnresampling subjects’ linear model
parameter estimates with replacement, and caloglagseudo-observations based on these
resampled residual vectors and parameter estim&fieslecided to resample the entire
residual vectors rather than individual residudliga, as suggested by Wu & Zhang (2002),
in order to accommodate serial correlation amosgluals within a given subject.
Rectangular and linear models were fit to this btvap sample and differences between
residual sums of squares under the two models gacealated. One thousand bootstrap
samples were constructed and residual sum of sgjddferences were calculated for each
bootstrap sample.
Results

Accuracy

Anticipated and delayed responses were 0.53% #&9d, Yespectively. Overall errors in
judging the cross duration were 10.9%. The ANOVAa#rning accuracy showed only the
main effect of the FP duratiof(®, 130) = 15.8,p < .001]. Percentage of accurate trials was
96, 94, 84, 77, 89, 94, respectively, for the ddsFrom 0.5 to 3.5 sec. Post-hoc Tukey tests
indicated that accuracy was lower on the FP o2d&than on all the other FPs except for
that of 1.5 sec (for all the other comparisgns,.05). Moreover, accuracy was lower on the
FP of 1.5 sec than on the FPs of 0.5 and 1 seb@fibr,p < .05). No other effect was

significant.
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Reaction Times

There was a main effect of FP(p, 130) = 39.4p < .001]. Subsequent planned
comparisons showed that RTs were different foryetgo adjacent FPs apart from FPs of
0.5 and 1 sec (for all the other comparisgns,.05). RTs were 552, 557, 602, 524, 461, and
425 ms, respectively, for each FP from 0.5 to Bl&te relevant for the present purposes,
there was a significant FP x response side interafft(5, 130) = 6.7p < .001], indicating
that responding to short FPs was faster with thfidndnd than with the right one, while
responding to long FPs was faster with the rigimohilnan with the left one (see Figure 6).

However, in order to establish whetlilee data better fit a linear or rectangular fungtio
an extra analysis was carried outaasadydescribed in the Data Analysis sectiafnder
the linear model, parameter estimates for theaathange in reaction time with respect to
change in FP were estimated [mean = 27.9, std dek8] and a residual sum of squares
equal to 398,401 was extracted. Under the rectangwodel, parameter estimates for the
difference in reaction time between short and IBRgvere estimated [mean = 61.3, std dev =
111.6] and a residual sum of squares equal to 202)@&s extracted.

The observed residual sum of squares under tharlmedel was numerically larger than
the observed residual sum of squares under thenguaiar modelARSS = 125,761)
suggesting that the rectangular model was a bigitterour sample data. In order to evaluate
whether this observed difference was extreme weat a null sampling distribution, 1,000
bootstrap sampleserecalculated using theandom effectparameter estimates generated
under the linear modéhull hypothesisand estimated background noiseough residual
vectorsgenerated under the rectangular mdd&krnative hypothesis)f the alternative
hypothesis is true, measurement error would benas#d with the residuals under the correct

model.
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The observed residual sum of squares differenceavasl to be closest to the 953rd
ordered difference from the bootstrap sample. &hidence points to a one-sided p-value of
.047for a null hypothesis significance test. Giverstbutcome, a rectangular function seems

to account for the present data better than arlioee.

Insert Figure 6 about here

Discussion

Experiment 5 was designed to test whether the conilgsg effect between responding
hand and FP duration was present as a continuum thilee=P length was parametrically
varied along 6 values, or it was categorical ftwoid’ vs. ‘long’ FP ranges. The results
replicated those of the previous experiments,ithaglatively short and relatively long
durations were responded to faster with the ledt right hand, respectively. Apart from this
overall compatibility effect, further analyses shemiithat a rectangular function fits the data
better than a linear one. Therefore, the resulte@present experiment seem to be at odds
with the original hypothesis that elapsing tim@risgressively represented from left to right,
and that this dynamic representation would be mnesipte of the S-R compatibility effect
found in the experiment 1.

A possible explanation for the categorical relati@tween the compatibility effect and
the FP duration concerns the linguistic markedhgpsthesis recently proposed to explain
S-R compatibility effects in other domains, suctpasty effects with numbers (Nuerk,
lversen, & Willmes, 2004). In many languages, thaeepairs of complementary words, one
of which is marked and the other unmarked. Markegimeay depend on lexical factors
(Zimmer, 1964), such as the presence of prefixes, (elear’ vs. ‘un-clear’), or on so-called
distributive and semantic factors (e.g., ‘righttlefyons, 1969). According to the linguistic

markedness account, performance would be faciitateen the adjectives used to label the
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stimulus and the response have a congruent markegtetus (i.e., both are marked or
unmarked), and hindered when their markedness@gruent. On this hypothesis, ‘left’ and
‘short’ would be marked words (possibly at the seticdevel), whereas ‘right’ and ‘long’
would not. That would explain why the left-shoght-long mapping is more advantageous
than the opposite mapping (i.e., compatibility begw the markedness status of stimulus and
response categories). The reason why some worddédshe marked whereas others should
not is however somewhat arbitrary (but see Lyo8691 Zimmer, 1964). Moreover, the
results of experiment 4 do not fit simply with thigpothesis. In experiment 4 the response
buttons were labelled ‘green’ and ‘red’ insteadeft’ and ‘right’. However, participants still
showed the S-R compatibility effect between FP r@sponse side. On the markedness
hypothesis, it is necessary to assume that thecipants labelled the keys to themselves as
‘left’ and ‘right’. Thus, the alternative possiltyistill exists that elapsing time is represented
from left to right, even if not linearly, indepemdby of the linguistic categories used to label

stimuli and responsés

Insert Footnote 1 about here

Why then the S-R compatibility effect follows a tagular function instead of a linear
one could be explained by examining the task desafite explicit request for a categorical
temporal judgment might have suggested a stratemeatally representing the temporal
intervals in a dichotomous way by comparing eacthem to a middle reference duration
(e.q., 2 sec) and to use the result of that corapatin order to split the two categories (i.e.,
‘short’ < 2 sec, ‘long’ > 2 sec). This strategy imidnave lowered the need to access fine-
grained temporal information. The adoption of aikinstrategy is suggested by additional

analyses. A one-way ANOVA was carried out on RTaddtexperiment 5 with 3 levels of
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distance from the mid-point of 2 sec (i.e., 0.B5nH 1.5 sec for FPs of 1.5+2.5, 1+3, and
0.5+3.5 sec, respectively). This ANOVA showed asigant distance effecH(2, 52) =
33.5,p < .001], demonstrating that RTs were slowestliermiddle FPs (559), conceivably
because they were more difficult to distinguishrirthe reference mid-point, and fastest for
the extreme ones (485), for which the comparisaghtriave been easier.

An indirect task, in which temporal informationnst task-relevant, would have possibly
been more suitable to test the nature of the teahpepresentation by overcoming task-
specific factors (cf. Gevers et al., 2006), prodideat information about time is
automatically accessed (but see General Discusdibeye is some evidence in support of
the view that the nature of the task used may affecshape of the compatibility effect
observed. Within the different domain of numeripresentation, for instance, a categorical
SNARC effect has been found when number magnituaetie task-relevant information
(Bachtold, Baumuller, & Brugger, 1998; Gevers et 2006), whereas a continuous SNARC
effect was observed when it was task-irrelevarth aiparity judgment being the explicit
task (Gevers et al., 2006). Another way to additessssue would be that of parametrically
varying not only the stimulus duration, but alse possible responses. A recent study
adopted this approach with a temporal reprodudask (Casasanto & Boroditsky, in press).
In particular, the duration of a line (or a dot)smeaaried continuously and orthogonally with
its left-to-right spatial displacement, and papéants had to reproduce either temporal
duration or spatial displacement. It was demoreti#itat the irrelevant spatial displacement
influenced the reproduction of temporal duratiod aot vice versa. Participants
underestimated duration of lines that covered atehdistance, and overestimated duration
of lines that covered a longer distance, in a camiiis fashion (Casasanto & Boroditsky, in
press, figure 1a). However, the account on whiehctitegorical function observed here may

be due to an artifact of using categorical stiranll responses, even if suggests a possible
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lack of sensitivity of the task adopted here, cowdtlexplain the directionality of the
compatibility effect found (i.e., short to long FBsing responded faster with left to right

responses than vice versa).

General discussion

The present study describes-an-reffect that can be ascribed to the S-R compatbili
phenomena (e.g., Hommel & Prinz, 1997). In a sarfexperiments, it has been shown that,
when a response is given according to the temploraltion of a stimulus (i.e., the FP), the
response side affects performance. Specificallgtigi@ants are faster if they respond ‘short’
with the leftmost response and ‘long’ with the tiglost one than vice versa (e.g., experiment
1). This pattern suggests that elapsing time ermally mapped onto spatial representations.
The mechanism responsible for this phenomenon stebesindependent of asymmetries
between hands in the magnitude of the variablefféletebecause when the responses are
given by only one hand per block, the FP effectipoed by the two hands was comparable
(experiment 2). When participants cross their hgegperiment 3), the effect disappears in
terms of speed, but manifests itself in terms cligacy with respect to key position. In
addition, any simple interpretation based on handssl or hemispheric asymmetries also has
problems because the effect is also found in tefmesponse keys when two fingers of only
one hand are used for the response (experiment 4).

Experiment 5 tested whether the RT difference betweft and right hand responses
varied categorically with the FP label (‘short’ eng’) or linearly with the FP effective
duration (i.e., FPs from 0.5 to 3.5 sec). The SsRgatibility effect (see Figure 6) was better
fitted by a rectangular function rather than bynadr one. This pattern may have originated
by task-specific requirements. Requiring particigan dichotomously classify FPs of

different length as ‘short’ vs. ‘long’ might havegoluced a dichotomous spatial
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representation of elapsing time, that is FPs niiglve been classified as ‘short’ and ‘long’ if
they fell on the ‘left’ or on the ‘right’ of a refence mid-point of about 2 sec, respectively.

The present work extends analogous findings regebtiained with temporal
information conveyed by the meaning of linguistiaterial (i.e., past- vs. future-related
words) rather than by the actual passage of timat{&jo, Lupiagez, Pirez, & Funes, 2007;
Torralbo, Santiago, & Lupianez, 2006). Notablymnst experiments of these previous
studies, the left-right reference frame was suggkesot only by the spatial position of the
response but also by that of the stimulus, which prasented either on the left or on the
right side of the screen, whereas in the curremtysthere was no spatial information
conveyed by the physical attributes of the stimuldsich was always a central fixation
cross. Therefore, the current findings suggestléfatight responses are a (probably)
necessary and (certainly) sufficient conditionddeft-to-right spatial representation of time
to emerge.

This work also extends results from previous swigibere ordered sequences belonging
to domains other than time, such as numbers (Dehetesl., 1993), sound pitches (Rusconi
et al., 2006), months and letters (Gevers et @03p are associated with the spatial
properties of the response in a similar mannehaw&s here. Gevers and colleagues (2003)
argued that the convergence of evidence from siffgreht domains suggests that the spatial
representation of ordered information is a genfesaure of the cognitive system, rather than
being specific for the number-domain (Dehaene.etl@P3). The results reported in this
paper add support to this view, extending it atsthe temporal domain. However, the
present study did not directly test whether temlpdwaation is spatially represented because
of its special nature or because it is just an g@lamf ordered information such as numbers,
which the cognitive system organizes on a leftigbirmental line when particular task

demands make it advantageous to do so. This issedsro be investigated more thoroughly,
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for instance, by using different ordered materfalg., temporal and numerical) in the same
task, and testing whether the compatibility efigatained for the two domains is additive,
suggesting different underlying processes, or atitre, suggesting a common mechanism
(cf., Mapelli, Rusconi, & Umilta, 2003).

With regard to the type of function followed by thetween-hands RT difference along
the ordered material (rectangular vs. linear), fmev studies usually did not directly contrast
these two kinds of functions. When evidence foedinty has been found, linear regression
analyses (Fias, Lauwereyns, & Lammert3001; Gevers et al., 2003; Ishihara et al., 2006)
or parametric linear contrasts in ANOVA (e.g., Dea et al., 1993) have been used. Neither
of these analyses per se can discriminate betvestangular and linear functions. Visual
inspection of some figures reported in the literaton similar compatibility effects for other
ordered entities (e.g., Fias et al., 2001; Geveas. £2003; Ishihara et al., 2006; Rusconi et
al., 2006) suggests that, at least in some cdsefumction fitting the results is more likely to
be rectangular rather than linear, like in our expent 5. As already mentioned, Gevers and
colleagues (2006), by adopting a statistical apgr@@mplementary to that used here, were
able to demonstrate a rectangular function of tRARC effect, when this was obtained
during an explicit magnitude judgment. In ordeatmount for the rectangular function,
explanations related to linguistic factors (e.igguistic markedness) or to task demands (e.g.,
stimuli and responses being dichotomously defiaétipugh stimulus duration was
parametrically varied) do not seem to offer a f@iifisfactory explanation of the direction of
the compatibility effect obtained here (short-leftg-right). Our data can be reconciled with
the hypothesis of apregressiedt-to-right representation of elapsing time,dmstulating
that this representation flexibly adapts its shape nature of the task, although this

hypothesis requires future testing.
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From a functional point of view, in the temporadlggment task used in the experiments
presented here (i.e., experiments 1, 3, 4 and iS)pbssible to know reasonably well in
advance which response should be executed at thefeéhe short FP as well as at the end of
the long one. Although this information is avaikalh advance, however, interference on
motor performance occurs anyway, suggesting tlealioitus of the effect should be somehow
after response selection and during response @parA fruitful line of investigation of the
functional locus of the phenomenon may be represdny the analysis of
electrophysiological components, such as the LitethReadiness Potential, an index of
covert response selection, preparation and exetwibich has been successfully used to
investigate processing stages involved in otherc®Rpatibility effects (e.g., Gratton, Coles,
Sirevaag, Eriksen, & Donchin, 1988; Keus, Jenk§ckwarz, 2005; Vallesi, Mapelli, Schiff,
Amodio, & Umilta, 2005).

In this early stage of investigation, we will reterthe behavioural effect found here as
the Spatial-Temporal-Association-between-Respormie&{STFARC gffect, in analogy with
similar compatibility effects found in other domsjike numbers (e.g., SNARC effect;
Dehaene et al., 1993) or sound pitches (SMARC eflgsconi et al., 2006). Notably, this
effect should be distinguished from a temporal &Ripatibility phenomenon found when
the duration is the feature relevant for both stim@and response (e.g., Grosjean &
Mordkoff, 2001; Kunde & Stdcker, 2002) which, carir to the-STFARGffect described
here, does not imply any transfer of temporal imfation into the spatial domain.

It is worth noting that some differences alreadgnseéo exist from one domain to
another. For instance, contrary to numbers, sottotgs, months or letters, which may show
the S-R compatibility effects even when the infotiorapresented is irrelevant for the task,
so far the present spatial-temporal compatibHBARC effect has not been observed when

duration is not task-relevant. An example wouldhzd of standard variable FP paradigms
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with bimanual responses, were no interaction betwesponse side and FP was observed
(Vallesi, Shallice, & Walsh, 2007b, experimentR2yen if based on a null effect, this

evidence can be provisionally taken as a suggesietnalthough the mental representation

of time could be spatially organized, this spatgdresentation, unlike for other ordered
materials, is not easily accessed automaticallyrdther requires awareness of the passage of
time, which is task-relevant when the spatial-terapcompatibility-SFARCeffect is

observed (i.e., present experiments 1, 4 afd 5)

Insert Footnote 2 about here

In conclusion, our approach suggests, along withlar ones in the recent literature
(e.qg., Santiago et al., 2007; Torralbo et al., 2006t it is possible to infer aspects of how the
cognitive system represents an abstract conceptifike, by analyzing the costs paid when
the incongruence between response tendenciesremjbg such a representation and task-
relevant responses has to be resolved. Specificaflypresent study shows-angvR
compatibility effect, consisting of an improvemamperformance when relatively short and
long durations have to be responded to on theteftright side of space, respectively, rather
than when the association between temporal durandresponse side is reversed. This
effect suggests that one way in which the amouetagsed time is cognitively represented is
by the use of a spatial coordinate reference frimame left to right, in a similar fashion to
other ordered material such as numbers, letterathm@nd pitches. This spatial
representation seems to follow a categorical fanctivith ‘short’ and ‘long’ durations being
associated to relatively faster ‘left’ and ‘rigih€sponses, respectively, with no difference
between different durations within the ‘short’ rengy within the ‘long’ one. However,

whether this categorical function (as opposite liogar one) depends on the specific task
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requirements of the current study or is due to ngergeral factors cannot be disentangled at

present.
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Footnotes

This possibility is currently under further stuaydur lab. In a pilot experiment, the
color of a central fixation cross changes from it yellow during the short FP, and from
yellow to red during the long FP. Participantsiastructed to answer according to the final
color of the cross (responding to ‘yellow’ withlaft’ key and to ‘red’ with a ‘right’ key).
Preliminary data show that the same S-R compadtitaffect as in experiment 1 is also found
in this condition. Unless one supposes the impldesicenario that participants use the
(disadvantageous) strategy to re-label ‘yellow’ &ed’ as ‘short’ and ‘long’, or that
‘yellow’ and ‘red’ have a different markedness gtatthese data suggest that the effect found

is independent of the linguistic labels used fer simulus features.

“This assertion is partially weakened by preliminasults of an experiment of our lab,
which shows that a similar-STFAR&fect is also observed when the task-relevarufeas
not time but a color continuously changing witheigsee footnote 2). The condition in which
the relevant and the irrelevant stimulus featucesary together is however different from
that of other S-R compatibility effects, such as $imon effect and the SNARC effect,

where the relevant and the irrelevant features gethogonally.



Acknowledgements
This research was supported in part by a grant &N to TS by the Italian Ministry of
University and Research (2005-2006). We thank taresmymous reviewers and Julia

Spaniol for their valuable suggestions.



Figure Captions
Figure 1. Mean reaction times (and standard errors of thenjnagexperiment 1 as a function

of foreperiod duration (x-axis) and responding héristograms).
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Figure 2. Pearson’s correlation scatterplot (and confidentsgvals) in experiment 1. Y-axis
indicates Reaction Time differences between ldit raght responses for long foreperiods,
whereas x-axis indicates Reaction Time differermseen right and left responses for short

foreperiods.
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Figure 3. Mean reaction times (and standard errors) in exy@t 2 as a function of

foreperiod duration (x-axis) and responding hansitdlgrams).
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Figure 4. Mean percentage of correct responses (bars: sthedars) and reaction times in

experiment 3 as a function of foreperiod duratioxis) and response-key position

(histograms).
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Figure 5. Mean reaction times (and standard errors) in erpart 4 as a function of

foreperiod duration (x-axis) and response sidaggrams).
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Figure 6. Mean reaction time difference between left anttrigand responses (and standard
errors) in experiment 5 as a function of forepedodation (x-axis). Reaction time
differences between left and right hands for eacbderiod were evaluated by means of

paired t-tests: * = t-tegt < .05; ** =p < .01.
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