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When navigating a straight path, perceived travel time and perceived traveled distance are linked via movement 

speed. Behavioral studies have revealed systematic interferences between the perception of travel time and dis- 

tance, but the role of neuronal representations of movement speed for these effects has not been addressed to 

date. Using a combined fMRI-behavioral paradigm, we investigate the neuronal representations that underlie 

cross-dimensional interferences between travel time and traveled distance. Participants underwent fMRI while 

experiencing visual forward movements for either a short or a long duration, and covering either a short or a 

long distance. At the behavioral level, we found bi-directional interference effects between time and distance 

perception, which was correlated with greater representational similarity in speed-sensitive brain regions. The 

strength of the distance-on-time effect scaled with representational similarity in the left human middle temporal 

complex (hMT + ), and the strength of the time-on-distance effect scaled with representational similarity in the 

right intraparietal sulcus (IPS). In accordance with the idea that the interference is mediated by the perception of 

speed, distance-on-time and time-on-distance effects were of opposing directions. Increases in traveled distance 

led to increases in perceived travel time, while increases in travel time led to decreases in perceived traveled 

distance. Together, these findings support the view that cross-dimensional interference effects between travel 

time and traveled distance are mediated by neuronal representations of movement speed. 

1

 

n  

t  

s  

i  

m  

W  

s  

T  

c  

T  

i  

t

 

a  

u  

c  

A  

d  

i  

t  

s  

t  

1  

L  

t  

t  

r  

h

R

A

1

. Introduction 

Keeping track of our location in space requires either landmark
avigation or path integration ( Taube, 2007 ). While landmark naviga-
ion is based on allothetic cues and positional information relative to
alient reference points, path integration is accomplished by monitor-
ng idiothetic self-motion cues that are independent from specific land-
arks ( Bremmer and Lappe, 1999 ; Riemer et al., 2014 ; Robinson and
iener, 2021 ). One important idiothetic cue is the processing of vi-

ual optic flow in parietal brain regions ( Britten, 2008 ; Martinez-
rujillo et al., 2007 ; Siegel, 1997 ) and the human middle temporal
omplex (hMT + ; Duffy and Wurtz, 1997 ; He et al., 1998 ; Martinez-
rujillo et al., 2005 , 2007 ; Wurtz, 1998 ), and neuroimaging studies have

ndeed reported a recruitment of these structures during visual path in-
egration ( Chrastil et al., 2015 ; Wolbers et al., 2007 ). 
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When we move through an environment, visual optic flow informs
bout both the direction and the speed of motion. The latter can be
sed to derive information about the distance traveled within a spe-
ific time interval and the time required to travel a specific distance.
lthough traveled distance and travel time are theoretically indepen-
ent (the same distance can be traveled in either a short or a long time
nterval), an asymmetric interference between these magnitudes has of-
en been reported: The same travel time appears longer when the as-
ociated distance is longer, while longer travel times do not result in
he perception of longer distances ( Cohen et al., 1963 ; Herman et al.,
984 ; Montello, 1997 ; Riemer et al., 2018 ; van Rijn, 2014 ). Frenz &
appe (2005) even reported decreasing distance estimates for increasing
ravel times. However, while the interference between travel time and
raveled distance is well documented at the behavioural level, its neu-
onal basis is unknown to date. A better understanding of the neuronal
22 
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echanisms underlying these interference effects can provide insights
nto characteristic deviations, as for example occurring in advanced age
r during neurodegenerative diseases where uncertainties in estimated
ime and distance frequently occur (e.g., Kuehn et al., 2018 ; Maaß et al.,
022 ; Mioni et al., 2021 ; Riemer et al., 2021 ; Stangl et al., 2020 ). 

A potential neuronal mechanism for the interference between travel
ime and traveled distance consists in the processing of speed, because
oth time and distance judgments can be solved on the basis of speed
epresentations, combined with information about the respective other
imension. If the perceptual interference between time and distance
riginates from common neuronal representations of speed, this should
e reflected in high representational similarity during time and distance
udgments in speed-sensitive brain regions, such as area hMT + and pos-
erior parietal regions ( Britten, 2008 ; Duffy and Wurtz, 1997 ; Martinez-
rujillo et al., 2007 ; Wurtz, 1998 ). 

To test whether behavioural interferences between travel time and
raveled distance are associated with common representations of speed,
e compared the interference between time and distance with the in-

erference between each of these magnitudes and numerosity (i.e., the
mount of dots randomly appearing along a path during visual forward
otion). Twenty-five participants underwent fMRI scanning while ex-
eriencing visual forward motion along a virtual linear track, with their
ttention being directed either to the duration of the forward movement,
he traversed distance, or the number of events encountered during the
ovement. To eliminate confounds driven by sensory differences, visual

timuli were identical across all conditions. We employed an adaptive
esign and tested all participants around their individual 50% perfor-
ance threshold in each task, thereby controlling for confounds of task
ifficulty ( Livesey et al., 2007 ; Tregellas et al., 2006 ). Finally, we con-
rolled for stimulus repetition and adaptation effects by using a specific
andomization sequence ( Aguirre, 2007 ). 

Representational similarity analysis (RSA) served to investigate the
euronal basis for the perceptual interference between travel time and
raveled distance in the human brain. Specifically, if cross-dimensional
nterference at the behavioral level between time and distance is medi-
ted by common neuronal representations of speed, interference should
e larger when representational similarity in speed-sensitive areas is
igh. To the best of our knowledge, this is the first study that used a
ombined fMRI-behavioral paradigm to systematically investigate the
euronal mechanisms that underlie perceptual interference effects be-
ween travel time and traveled distance. 

. Materials and methods 

.1. Participants 

Twenty-five right-handed participants were recruited from the local
ommunity (14 females and 11 males, mean age: 24.9 years, ranging
rom 20 to 41 years). Required sample size of 22 ( 𝛼 = 0.05; 1- 𝛽 = 0.80)
as calculated with G 

∗ Power ( Faul et al., 2007 ), based on effect sizes
eported in Riemer et al. (2018) . Exclusion criteria were contraindica-
ions to magnetic resonance imaging, such as metallic objects in the
ody, or tinnitus. The data of one participant were excluded from the
nalysis due to missed responses in more than 20% of the trials, casting
oubt on overall attention. All participants received monetary compen-
ation and gave written informed consent to the experimental protocol,
hich was approved by the local ethics committee of the University of
agdeburg. 

.2. Experimental design 

.2.1. Stimuli, tasks and trial order 

In a path integration paradigm we probed cross-dimensional inter-
erences between travel time and traveled distance, and compared them
o the interference between each of these magnitudes and numerosity
2 
the amount of items encountered during walking). In our experimental
esign, visual input was identical between the tested dimensions, that
s, participants always saw a virtual linear track projected onto a screen
long which they were passively moved forward (see Fig. 1 ). Optic flow
nformation was provided by the textures of the track and the grassy
andscape alongside. To prevent participants from fixating specific loca-
ions at the far end of the track (and instead force them to continuously
ntegrate the accumulating distance information), viewing distance was
imited by gray fog that linearly increased in density, starting one meter
n front of the participant. In different experimental conditions, only the
nstruction varied, indicating to the participant which one of four dimen-
ions (i.e., time, distance, numerosity, luminance) they had to attend to
n each trial. Numerosity trials served as a control condition involving
n accumulation process for a different magnitude (i.e., numerosity).
uminance trials were chosen as a control condition involving only the
ecision component, in which the critical dimension (i.e., luminance)
id not accumulate over the course of the trial. 

In each trial, one of four task symbols (i.e., time, distance, nu-
erosity or luminance) was presented for 500 ms (see Fig. 1 ). After

n interstimulus-interval (ISI; randomised between 2 and 3 s), during
hich a blank screen was shown, a path was displayed and the observer
as passively moved forward. Movement speed varied between trials,
ut was kept constant within each trial. Across trials, the covered dis-
ance was either 11.5 or 19.7 m (distance), and the travel time was
ither 2.8 or 4.8 s (time). During the forward motion, either 45 or 77
hite dots (numerosity) flashed on the path. The dots did not flash all
t once but in an irregular manner, so that their total sum accumulated
ntil the end of the forward motion. 200 ms before the forward mo-
ion was terminated by a black screen, a gray square of either 16 or
8 pct white content (luminance) appeared in the middle of the screen.
ll levels of these four dimensions were combined equally with each
ther, resulting in 16 different combinations. After an ISI of 1 s, a com-
arison number was displayed on the screen and the participants had
o perform a two-alternative forced-choice task. In time trials, partic-
pants indicated via button press whether the travel time was shorter
r longer than this comparison number in seconds. In distance trials,
hey indicated whether the traveled distance was shorter or longer than
his comparison number in meters. In numerosity trials, they indicated
hether the number of flashed dots was smaller or larger than this com-
arison number. Comparison numbers were integers in numerosity trials
nd had one decimal during time and distance trials. Finally, in lumi-
ance trials, the comparison value consisted of a displayed square with
ariable white content, and participants indicated whether the square
resented at the end of the forward motion was darker or brighter than
his comparison square. 

Responses were given with the index finger (‘less’) or the middle fin-
er (‘more’) of the right hand, and participants had 2 s time to respond.
f no response was given within this time window, a message ‘Please
espond faster!’ was displayed in red letters for 0.5 s. Participants had
he option to indicate that they had forgotten the cue (indicating the
elevant dimension for the current trial) by pressing the thumb key. No
eedback was provided throughout the whole experiment. 

The experiment was composed of four different trial types (each pre-
ented 100 times) plus 100 null trials, in which a fixation cross was
resented on a gray background. To account for possible repetition ef-
ects, all trials were ordered according to a continuous carryover se-
uence ( Aguirre, 2007 ). This second-order counterbalanced sequence
nsured that each trial type (including null trials) was preceded by ev-
ry other trial type (including itself) for an equal number of times. One
e Bruijn sequence balancing five conditions at the second order in-
luded 125 trials. This sequence was split in half (i.e., 63 and 62 trials)
nd distributed over two separate scan runs. To retain the circularity
f de Bruijn sequences, the final two trials of each run were added to
he start of the corresponding run, resulting in 65 or 64 trials per run
cf. Fig. 1 C). 
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Fig. 1. Experimental design. (A) Each trial began with 

the presentation of a cue, which informed participants 

about the dimension (time, distance, numerosity, lumi- 

nance) they had to attend to. Next, a gray linear track 

surrounded by green grass was shown, and the observer 

experienced a passive forward movement along the path. 

The covered distance was either 11.5 or 19.7 m, travel 

time was either 2.8 or 4.8 s, and either 45 or 77 white dots 

appeared on the ground. During the last 200 ms of each 

forward motion, a gray square of either 16 or 28 pct white 

content appeared on the screen. Once the forward motion 

had ended, participants had to judge whether the magni- 

tude in question was smaller or larger than a presented 

comparison value. (B) The four symbols used to inform 

participants about the trial type at the start of each trial. 

(C) The task was performed in eight runs, on two differ- 

ent days. Two subsequent runs comprised a complete de 

Bruijn sequence (5 3 = 125 elements), which was equal for 

all four runpairs. Relative to the original sequence in run 

1–2, the level of travel time (short/long) was switched for 

all trials in run 3–4, for even trials in run 5–6, and for odd 

trials in run 7–8 (indicated by red numbers). 
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Furthermore, we balanced the trials with respect to (short and long)
ravel times, because those differed in their total duration (10.8 and
2.8 s). 1 This was achieved by repeating the two runs (containing one
omplete de Bruijn sequence) four times. In the first repetition, short and
ong trials were inverted (i.e., each short trial from the original sequence
as changed to a long trial and vice versa). In the second repetition, only

ven trials from the original sequence were inverted, and in the third
epetition, only odd trials were inverted. This procedure ensured that
he order of short and long trials was balanced. The resulting eight runs
ere conducted in two separate sessions on two different testing days

maximally one month apart). Each session lasted about 75 min. 

.2.2. Task difficulty 

To maintain comparable levels of task difficulty across the four tasks
or each participant, and over the course of the experiment, an adaptive
rocedure was employed when selecting comparison numbers (or, in lu-
inance trials, the white content of the comparison square): Depending

n the response (‘less’ or ‘more’) in the previous trial involving the same
tandard (e.g., a time trial with 4.8 s), the new comparison value was
andomly chosen from a range of zero to 1 4 times below or above this
revious value, respectively. The first comparison value was randomly
hosen between 1 4 times below to 1 4 times above the respective standard
alue. 

Finally, after each run, participants rated the difficulty of the four
ifferent tasks on a visual analogue scale (balanced order) via button
1 Although ISIs between cue and passive forward motion were jittered, the 

emporal differences were compensated for during the ITIs, so that each trial 

as either 10.8 s or 12.8 s in duration. 
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ress. Participants used the index and middle finger keys to move a
arker along an easy-difficult continuum and confirmed their response
ith the thumb key. 

.3. Acquisition of fMRI data 

MRI data were acquired on a 3T Siemens Magnetom Prisma
canner, equipped with a 64-channel phased array head coil. Func-
ional images were recorded with an echo-planar-imaging (EPI) se-
uence (TR = 2000 ms; TE = 30 ms; slice thickness = 3 mm; voxel
ize = 3 × 3 × 3 mm; number of slices = 36; field of view = 216 mm;
ip angle = 90°; slice acquisition order = interleaved). Anatomical
ata consisted of (i) a T1-weighted image (MPRAGE, TR = 2500 ms;
E = 2.82 ms; TI = 1100 ms; slice thickness = 1 mm; number of
lices = 192; voxel size = 1 × 1 × 1 mm; field of view = 256 mm; flip
ngle = 7°), as well as (ii) a T2-weighted image (TSE, TR = 6000 ms,
E = 73 ms, slice thickness = 2 mm, number of slices = 60, voxel
ize = 2 × 2 × 2 mm, field of view = 512 mm, flip angle = 120°). Ad-
itionally, in each session, double-echo gradient-echo field maps were
alculated (echo times 4.92 ms and 7.38 ms). Each run took approxi-
ately 15 min to complete. 

.4. Preprocessing of fMRI data 

Anatomical and functional images were preprocessed using fM-
IPrep 1.1.1 ( Esteban et al., 2019 ). In this pipeline, T1/T2 weighted
T1w/T2w) images were corrected for intensity non-uniformity with
NTs’ N4BiasFieldCorrection v2.1.0 ( Tustison et al., 2010 ). Afterwards,

hey were skull-stripped using ANTs’ antsBrainExtraction.sh v2.1.0 (OA-
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IS template; Marcus et al., 2007 ) to create an initial binary mask of the
rain. After brain mask computation, FSL FAST v5.0.9 ( Zhang et al.,
001 ) was used to perform brain tissue segmentation (CBF, white mat-
er, gray matter). Brain surface reconstruction was performed by recon-
ll from FreeSurfer v6.0.1 ( Dale et al., 1999 ). The initial brain mask
as refined with a fMRIPrep custom variation of the method to rec-
ncile ANTs-derived and FreeSurfer-derived segmentations of the corti-
al gray-matter ( Klein et al., 2017 ). In the last step, spatial normaliza-
ion to the MNI152NLin2009cAsym template space ( Fonov et al., 2009 )
as performed using antsRegistration. This entails a multiscale, mutual-

nformation based, nonlinear registration scheme. 
During the initial step of BOLD image preprocessing, a reference im-

ge was created in order to calculate a brain mask for the BOLD sig-
al. 2 This EPI reference image was then passed to FSL’s mcflirt v5.0.9
 Jenkinson et al., 2002 ) in order to estimate head motion parameters
three for rotation and three for translation). Slice time correction was
erformed using AFNI v16.2.07 3dTShift function ( Cox, 1996 ), realign-
ng each slice to the middle of each TR. Next, spatial distortion due
o B0 field inhomogeneities were accounted for by susceptibility dis-
ortion correction (SDC) using an implementation of the TOPUP tech-
ique ( Andersson et al., 2003 ) using function 3qwarp in AFNI v16.2.07.
ereby, the field inhomogeneity can be mapped by measuring the phase
volution in time between two close GRE acquisitions ( Hutton et al.,
002 ). Finally, the BOLD reference image was aligned to the T1w im-
ge using linear boundary-based registration with 9 DOF implemented
n FSL flirt. To map the EPI image to the MNI152NLin2009cAsym tem-
late space, transform calculated upstream (head-motion estimation,
DC, EPI to T1w registration, T1w-to-MNI transform) workflows are
oncatenated. These transforms are applied all at once with one Lanczos
nterpolation step. 

.5. Statistical analysis of behavioral data 

Trials with response times shorter than 300 ms (0.2%) or longer than
 s (2.7%) 3 after the onset of the comparison value were discarded for
ehavioral analyses. In the luminance task, three participants confused
he meaning of response buttons (‘less’ vs. ‘more’) in the first fMRI ses-
ion. The corresponding behavioral data were removed. 

Effects on difficulty ratings and reaction times were tested by analy-
es of variance (R function aov from package stats ), including the within-
ubjects factors trial type (time vs. distance vs. numerosity vs. lumi-
ance) and run number (1–8). If relevant, pairwise post-hoc compar-
sons were performed with Tukey’s HSD test. 

After a manipulation check with one-tailed t-tests, confirming that
articipants were able to differentiate between the small and the large
tandard value of each dimension (e.g., short and long travel times),
nalyses were performed on the ratios between comparison and stan-
ard value. This allowed for a conjoint analysis of responses to both
mall and large standards. 

For each participant and each dimension, one psychometric func-
ion was calculated using the Bayesian-based toolbox psignifit 4
 Schütt et al., 2016 ). This toolbox was chosen because (i) it is robust
gainst (potentially) overdispersed data, (ii) accounts for sparse and
arying trial numbers per sampled intensity, (iii) allows for a transpar-
nt adjustment of parameters, and (iv) provides a reliable proxy for the
oodness-of-fit. Default priors were adjusted according to the expected
ange of the behavioral data, given the adaptive approach of defining the
omparison value for each trial. Specifically, the prior w for the width
f the psychometric function was increased to a uniform distribution
etween four times the minimal distances between two stimulus inten-
2 Please see Esteban et al. (2019) for a detailed explanation of the employed 

teps. 
3 Note that this also includes cases in which the participant forgot the cue and 

ithheld a response on purpose. 
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4 
ities (lower limit) and three times the total range of stimulus intensities
upper limit) with a cosine fall-off to 0 at both ends. The lapse rate was
xed at 𝝀= 0.01. Preliminary analyses of the data showed that a variable

apse rate with a beta-distributed prior resulted in overestimated lapse
ates due to the low number of trials for some comparison values, es-
ecially near the lower and upper intensity boundaries. All other priors
e.g., threshold and guess rate) were left at their default settings. 

Fitted psychometric functions represent the probability of the re-
ponse ‘comparison value was larger than the experienced standard
alue’, as a function of the (standardised) comparison value (cf. Fig. 2 a).
ean accuracy and precision were quantified by the point of subjective

quality (PSE) and the width of the psychometric function, respectively.
f two magnitudes are processed by the same neuronal mechanism, pre-
ision for those magnitudes should be positively correlated. This was
ested by correlation analyses (one-tailed). Direct comparison between
orrelation coefficients was performed with R function paired.r from
ackage psych . 

For the analysis of cross-dimensional interference effects, we sepa-
ately calculated psychometric functions for each dimension using only
rials associated with either the small or the large standard of the irrel-
vant dimension (e.g., travel distance during time trials). For example,
o investigate the influence of traveled distance on perceived time, one
unction for time judgments was calculated on the basis of time trials
nvolving a short travel distance, and a second one based on time trials
nvolving a long travel distance (see Fig. 2 C). Cross-dimensional inter-
erence effects were quantified by the PSE difference between these two
unctions, so that positive values indicate congruent interference (i.e.,
arger values of the irrelevant dimension led to an overestimation of the
arget dimension). Values deviating more than three standard deviations
rom the mean were discarded as outliers (0.7%). Cross-dimensional in-
erference effects were analysed with t-tests (two-tailed). The relation-
hip between interference effects and representational similarity (see
ection 2.6.2 ) was tested by Spearman rank correlations (two-tailed). 

Effect sizes are reported by means of partial eta squared ( 𝜂p 
2 ) for

novas and Cohen’s d av for t-tests ( Lakens, 2013 ). 

.6. Statistical analysis of fMRI data 

.6.1. Univariate analysis 

Design and implementation of the univariate analysis was done using
he nipype v1.5.1 Python framework ( Gorgolewski et al., 2011 ), which
llows for a flexible and accessible implementation of multiple neuro-
cientific software packages in one workflow. SPM12 v7487 MATLAB
016b (The MathWorks, Natick, 2016) was utilised for model gener-
tion and contrast estimation. The functional images were smoothed
sing a 6 mm FWHM Gaussian filter and masked with an individual
rain mask obtained from fMRIPrep using the extractroi function of
SL. The data were high-pass filtered at 128 Hz. Trials of interest were
odeled as delta functions (covering the entire period of movement,

.e., either 2.8 or 4.8 s) that were convolved with the hemodynamic re-
ponse function as implemented in SPM12. Additionally, the cue and
he comparison phase (until a response was given, maximally 2 s; cf.
ig. 1 ) were included as regressors. As nuisance regressors, six head
otion parameters and framewise displacement were included. In ad-
ition to computing the contrasts “time > control ”, “distance > control ”
nd “numerosity > control ”, we also performed a conjunction analysis
or these contrasts. For the second level, classical inference with one
ample t-tests were performed on all contrasts. Threshold criteria were
 voxel-wise FWE ( p < .05) and a minimum cluster size of 10 voxels. As
eported in Eklund et al. (2016) , this approach tends to be conserva-
ive, but avoids the inflated false-positive bias of the clusterwise FWE.
he anatomical location of each cluster was assessed by the JuBrain
natomy v3.0 SPM Toolbox ( Amunts et al., 2007 ; Eickhoff et al., 2005 ).
nless otherwise specified, reported coordinates in MNI space represent

ocation of peak voxels in the respective cluster. 



M. Riemer, J. Achtzehn, E. Kuehn et al. NeuroImage 257 (2022) 119336 

Fig. 2. Behavioral results. (A) Subjectively perceived difficulty and (B) reaction times for time (blue), distance (red), numerosity (yellow) and luminance/control 

trials (black) over the course of eight runs. Difficulty was rated after each run on a visual analogue scale. Error bars show standard error across subjects. (C) Cross- 

dimensional effect of distance on time judgments, exemplary for one subject. Even though travel distance was irrelevant for time judgments, travel time was judged 

as shorter for trials with a short travel distance (dashed line) as compared to trials with a long travel distance (solid line). (D) Cross-dimensional interference effects 

between time, distance and numerosity ( ∗ ∗ ∗ p < .001; ∗ ∗ p < .01; n.s. p > .05). Boxes show median (white lines) and interquartile ranges (box span). The bold point in the 

distance-on-time effect indicates the exemplary subject shown in C . 
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.6.2. Representational similarity analysis 

To investigate the relation between representational similarity at
he neuronal level and cross-dimensional interference on the behav-
oral level, we performed a whole-brain searchlight representational
imilarity analysis (RSA) and correlated the resulting voxel-wise rep-
esentational dissimilarity values (RDVs) for each possible dimension
air (time-distance, distance-numerosity, time-numerosity) with the in-
ividual cross-dimensional interference effects. The RSA was based on
earson correlation distance and a whole-brain searchlight with a ra-
ius of 6 mm together with a leave-one-run-out cross validation scheme
 Walther et al., 2016 ). Because such analyses are prone to inflated cor-
elations due to a nonindependence error ( Vul et al., 2009 ), we split
he available eight runs in odd and even runs. Data from the odd runs
ere used to create masks containing only voxels that show significant
pearman rank correlation coefficients ( p < .05). Additionally, a cluster-
hreshold of k = 10 voxels was applied. 4 The actual Spearman rank cor-
elation coefficients (two-tailed), based on data from the even runs, were
hen computed only for the voxels of the mask obtained from analysing
he odd runs. This resulted in three R-maps, in which each voxel carries
4 To test whether this cluster-threshold was too conservative, we ran an 

dditional analysis with k = 5. This did not reveal different results. Details 

or this analysis can be found at https://github.com/jAchtzehn/timePath/tree/ 

holeBrain-CV/mri/rsa. 

o  

t  

T  

t  

e  

2  

5 
he Spearman rank correlation coefficient (and corresponding p-value)
etween RDVs and cross-dimensional interference. As for the univariate
nalysis, JuBrain Anatomy v3.0 SPM Toolbox was used to characterize
luster locations ( Amunts et al., 2007 ; Eickhoff et al., 2005 ). 

In a second analysis, we quantified representational similarity be-
ween time, distance and numerosity in regions with significant activa-
ion for either of the three dimensions in the univariate analysis. RDMs
or all clusters were calculated separately, again using Pearson correla-
ion distance and a leave-one-run-out approach. For this analysis, two
uccessive runs were grouped together (as they encompass one com-
lete de Bruijn sequence; cf. Section 2.2.1 ), resulting in a 4-fold cross
alidation scheme. T-tests to compare representational similarity be-
ween different dimension pairs were two-tailed and corrected for mul-
iple comparisons according to the false discovery rate ( Benjamini and
ochberg, 1995 ). 

All RSA calculations were performed within the PyMVPA2 frame-
ork ( Hanke et al., 2009 ). As input data, trial-wise beta estimates were

alculated. These were obtained by computing a GLM for each trial
n which the specific trial is modeled as the regressor of interest. All
ther occurrences of that specific trial type during the run as well as the
rials of different types were modeled in separate nuisance regressors.
his approach (named “LS2 ”) was found to be superior in classifica-
ion performance for rapid event-related designs compared to modeling
ach trial as a separate regressor ( Mumford et al., 2012 ; Turner et al.,
012 ). Except for the included regressors, this analysis was performed
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Fig. 3. Univariate fMRI results. Contrasts for (A-C) accumulation (time, dis- 

tance and numerosity) vs. control (luminance) trials, and (D) results of a con- 

junction analysis for these three contrasts. Cluster size > 10 voxels, T = 5.12 

( p = .05; FWE-corr). For specifications of brain regions see Table 1 . 
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ith the same software and parameters as the univariate analysis (cf.
ection 2.6.1 ). 

. Results 

.1. Behavioral results 

.1.1. Task difficulty and reaction times 

As shown in Fig. 2 A, perceived difficulty differed between time, dis-
ance, numerosity and luminance trials (F 3,748 = 7.6, p < .001, 𝜂p 

2 = 0.03),
ut did not change over the course of the eight runs (F 1,748 < 0.1, p > .5,

p 
2 < 0.01). There was also no interaction between trial type and runs

F 3,748 = 0.4, p > .5, 𝜂p 
2 < 0.01). A pairwise post-hoc Tukey’s HSD test re-

ealed that the effect of trial type was due to luminance trials being
ated as easier than time trials (diff= 0.06, p adj = 0.019, d av = 0.29), dis-
ance trials (diff= 0.07, p adj = 0.003, d av = 0.38), and numerosity trials
diff= 0.09, p adj < 0.001, d av = 0.42). Differences between time, distance
nd numerosity trials did not reach a significant level (all: diff< 0.03,
 adj > 0.32, d av < 0.17). This demonstrates that the adaptive procedure for
he selection of comparison values was effective in keeping perceived
ifficulty for time, distance and numerosity trials at a comparable level.

In line with this interpretation, Fig. 2 B shows that reaction times did
ot differ between trial types (F 3,748 = 0.8, p = .48, 𝜂p 

2 < 0.01). Reaction
imes decreased over the course of the experimental runs (F 1,748 = 11.9,
 < .001, 𝜂p 

2 = 0.02), but did not change differently depending on trial
ype (F 3,748 = 0.2, p > .5, 𝜂p 

2 < 0.01). 

.1.2. Judgment precision and cross-dimensional interference 

We first tested whether participants were able to differentiate be-
ween the small and the large value of each dimension. One-tailed t-tests
or paired samples confirmed that the PSE was significantly larger for the
arge as compared to the small standard value for time (t 23 = 8.0, p < .001,
 av = 1.15), distance (t 23 = 4.7, p < .001, d av = 1.38), numerosity (t 23 = 9.6,
 < .001, d av = 1.23), and luminance (t 23 = 9.5, p < .001, d av = 3.33). To con-
rm that time, distance and numerosity trials were based on accumula-
ion processes, we tested whether precision (cf. Section 2.5 ) decreased
ith increasing magnitude (due to the accumulation of noise). This
as confirmed for time (t 23 = 2.0, p = .028, d av = 0.53), distance (t 23 = 2.3,
 = .014, d av = 0.60) and numerosity trials (t 23 = 3.6, p < .001, d av = 0.55),
ut not for luminance/control trials (t 23 = 1.6, p = .06, d av = 0.45). 

Judgment precision was correlated between time and distance tri-
ls (t 22 = 2.0, p = .030, r = 0.39), demonstrating that individuals who
ere relatively precise in their time judgments also tended to be rela-

ively more precise in their distance judgments. In contrast, correlations
ere neither found between the precision in time and numerosity trials

t 22 = 1.2, p = .13, r = 0.24) nor between distance and numerosity trials
t 22 = − 0.1, p > .5, |r| < 0.1). However, a direct comparison between cor-
elation coefficients showed that the correlation between time and dis-
ance trials was significantly different only from the correlation between
istance and numerosity trials ( p = .05), but not from the correlation be-
ween time and numerosity trials ( p = .31). 

With respect to cross-dimensional interferences ( Fig. 2 C-D), two-
ailed t-tests revealed that perceived travel time was influenced by
raveled distance (t 23 = 3.7, p = .001, d av = 0.53), but not by numerosity
t 23 = − 1.3, p = .21, d av = 0.16). Perceived traveled distance was influenced
y travel time (t 22 = − 2.8, p = .011, d av = 0.36), but not by numerosity
t 23 = 1.4, p = .19, d av = 0.19). And perceived numerosity was neither influ-
nced by travel time (t 23 = 0.3, p > .5, d av = 0.06) nor by traveled distance
t 23 = 0.7, p > .5, d av = 0.07). Direct comparisons confirmed that perceived
ravel time was influenced more by travel distance than by numeros-
ty (t 23 = 3.6, p = .001), that perceived traveled distance was influenced
ore by travel time than by numerosity (t 22 = − 2.8, p = .011), and that

he influence on perceived numerosity was not significantly different for
ravel time and traveled distance (|t 23 | = < 0.1, p > .5). 

Importantly, the effects of time-on-distance and distance-on-time
ere of opposing directions: Longer travel distances resulted in longer
6 
ime judgments, whereas longer travel times resulted in shorter distance
udgments (t 22 = 5.0, p < .001). 

.2. fMRI results 

.2.1. Overlapping brain activations for the processing of time, distance 

nd numerosity 

First, we contrasted time, distance and numerosity trials with lumi-
ance trials (as they did not involve an accumulation process), to iden-
ify areas involved in the accumulation of those quantities ( Fig. 3 A-C and
able 1 ). For time trials, recruited areas comprised the pars orbitalis of
he inferior frontal gyrus (IFG) bilaterally and the left superior frontal
yrus. For distance trials, the right IFG (pars orbitalis) and the lingual
yrus bilaterally were involved. For numerosity trials, recruited areas
onsisted of the right IFG (pars orbitalis), right parietal lobe (including
he IPS), area hMT + bilaterally, and the right superior frontal gyrus. A
onjunction analysis combining these three contrasts revealed the right
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Table 1 

Univariate fMRI results. Significant clusters identified for (A-C) accumulation (time, distance and numerosity) vs. control (luminance) trials, and (D) conjunction 

analysis. Coordinates represent the peak of the activated cluster. 

Region MNIcoordinates Clustersize Voxel level(T-value) 

A time > control 

L inferior frontal gyrus (p. orbitalis) − 45, 45, − 5 108 7.92 

R inferior frontal gyrus (p. orbitalis) 42, 45, − 9 90 7.25 

R inferior frontal gyrus (p. opercularis) 51, 18, 11 37 6.56 

L inferior frontal gyrus (p. triangularis) − 51, 33, 1 63 6.39 

L superior medial gyrus − 3, 39, 41 47 6.23 

B distance > control 

L lingual gyrus − 21, − 66, − 5 77 6.51 

R lingual gyrus 15, − 63, − 5 122 7.39 

R inferior frontal gyrus (p. orbitalis) 42, 45, − 12 43 6.57 

C numerosity > control 

R middle temporal gyrus (V5) 

fusiform gyrus 

inferior occipital gyrus (V4) 

48, − 69, 1 

42, − 60, − 15 

42, − 84, − 9 

519 11.29 

10.53 

10.36 

L middle occipital gyrus (hO4cla) 

inferior occipital gyrus (V4) 

fusiform gyrus 

− 45, − 84, − 2 
− 39, − 69, − 12 

− 42, − 57, − 15 

314 9.69 

7.77 

7.45 

R inferior parietal lobule 

postcentral gyrus 

superior parietal lobule 

51, − 36, 51 

42, − 33, 57 

39, − 48, 57 

199 7.36 

6.48 

6.11 

R middle occipital gyrus 30, − 72, 34 51 7.09 

R postcentral gyrus 63, − 12, 28 21 6.71 

R inferior frontal gyrus (p. orbitalis) 42, 48, − 12 54 6.54 

R inferior frontal gyrus 45, 42, 11 34 6.48 

L paracentral lobule − 6, − 30, 61 38 6.18 

R posterior-medial frontal gyrus 6, 24, 47 20 6.10 

D (time > control) AND (distance > control) AND (numerosity > control) 

R inferior frontal gyrus 42, 45, − 12 29 6.52 
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FG as the only region to be commonly activated in time, distance and
umerosity trials ( Fig. 3 D and Table 1 ). 

.2.2. Correlation between cross-dimensional interference and 

epresentational similarity 

Finally, we tested how the observed behavioral interference effects
elate to the representational similarity of the involved neuronal net-
orks. If the cross-dimensional interference effects that we observed
etween time and distance (cf. Section 3.1.2 ) emerge from common
euronal representations in speed-sensitive areas, greater representa-
ional similarity in these regions should coincide with more pronounced
nterference effects. To test this hypothesis, we performed a represen-
ational similarity analysis and assessed the correlation between the
ime-distance representational similarity and the behavioral measures
f time-distance interference. 

Results are depicted in Fig. 4 . Representational similarity between
ime and distance was positively correlated with the cross-dimensional
nterference effect of distance on time (indicated by a negative correla-
ion with representational dissimilarity) in the left fusiform gyrus and
he left area hMT + (percent of cluster volumes: 16.3% in FG4, 9.2% in
Oc5 based on maximum probability map; probabilities: global maxi-
um 64.3% in FG4, two local maxima with 49.6% and 86.3% in hOc5,

espectively; Lorenz et al., 2015 ; Malikovic et al., 2006 ). In accordance
ith the negative interference effect of time on distance (i.e., increased

ravel time led to shorter distance estimates; cf. Fig. 2 D), a positive cor-
elation with representational dissimilarity was found in the right IPS
percent of cluster volumes: 75.5% in hIP3, 3.4% in hIP6 based on max-
mum probability map; probabilities: global maximum 49.8% in hIP3,
wo local maxima with 55.7% and 39.8% in hIP3; Richter et al., 2019 ;
cheperjans et al., 2008 ). Hence, for both types of interference, these
orrelations indicate that higher representational similarity in the re-
pective area coincide with a larger interference effect measured in be-
avior. 

With respect to the cross-dimensional interference between time and
umerosity and between distance and numerosity, no correlations with
epresentational similarity between the respective trials were found. 
7 
The RDMs in Fig. 4 C show that representational similarity between
ime and distance was larger than between time and numerosity and
etween distance and numerosity. However, left hMT + and right IPS
ere defined by their correlation with time-distance interference ef-

ects and therefore are not indicative of a generally higher represen-
ational similarity between time and distance trials. To solidify this as-
umption, we calculated the RDMs for all regions showing higher ac-
ivity during the accumulation of either time, distance or numerosity
cf. Fig. 3 A-C). 

The results are presented in Fig. 5 and Table 2 . For many re-
ions, representational similarity between time and distance trials
as significantly larger than between time and numerosity or dis-

ance and numerosity trials (cf. Table 2 ). Importantly, there was no
egion for which the time-distance representational similarity was
maller than that for time-numerosity or distance-numerosity. This
attern of results mirrors the behavioral cross-dimensional interfer-
nce effects, which were exclusively found between time and distance
cf. Section 3.1.2 ). 

. Discussion 

In the present study we examined the representations of travel time
nd traveled distance, in order to identify neuronal mechanisms under-
ying the perceptual interference between these dimensions. We found
 mutual interference between travel time and traveled distance, but
f opposing direction: Perceived travel time increased with longer dis-
ances, while perceived distance decreased with longer travel times. The
trength of these interference effects was associated with greater repre-
entational similarity in speed-sensitive parietal and extrastriate brain
reas. The effect of distance on time was correlated with higher repre-
entational similarity in left area hMT + , and the effect of time on dis-
ance was correlated with higher representational similarity in the right
PS. We therefore conclude that neuronal representations of movement
peed in parietal and occipital regions (derived from visual optic flow)
lay a major role for the cross-dimensional interference between travel
ime and traveled distance. 
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Fig. 4. Representational similarity and cross-dimensional interference. (A) R-maps showing voxels with a significant spearman rank correlation coefficient 

between time-distance representational similarity values and cross-dimensional interference between these dimensions. (B) Exemplary for the voxel with the highest 

absolute Spearman rank correlation coefficient, linear regression plots between PSE difference and representational dissimilarity value are plotted. For the same 

voxel, (C) shows the average representational dissimilarity matrix of all participants (left fusiform gyrus / hMT + for distance-on-time [ − 45, − 66, − 9]; right IPS for 

time-on-distance [39, − 45, 51]). 

Fig. 5. RSA results. Average representational dissimilarity matrices of all participants for brain regions involved in either time, distance or numerosity accumulation 

(cf. Fig. 3 A-C and Table 1 A-C). Smaller RDM values indicate greater representational similarity. The top panel shows interpolated cortical projections of the cluster 

masks. 
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The idea that the interference between travel time and traveled dis-
ance is mediated by movement speed is also in line with our finding of
n opposite direction for the distance-on-time and the time-on-distance
ffect (cf. Fig. 2 D). One possible origin for cross-dimensional interfer-
nce effects is a congruent mapping on the respective more-less con-
inua: Larger values of the task-irrelevant dimension lead to larger es-
8 
imates of the task-relevant dimension (e.g., a louder sound leads to a
onger estimated duration of that sound). If the illusory increase of an ac-
ually constant travel time is driven by an increase in speed (rather than
y an increase in distance), then we would still expect a positive relation
etween traveled distance and perceived travel time, because, given a
onstant travel time, distance correlates positively with speed (traveling
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Table 2 

RSA results. Results of two-tailed t-tests comparing representational similarity (RS) between pairs of dimensions for brain regions involved in either time, distance 

or numerosity accumulation (cf. Fig. 3 A-C and Table 1 A-C). Tests were corrected for multiple comparisons according to the false discovery rate ( Benjamini and 

Hochberg, 1995 ). 

Cluster (cf. Fig. 5 ) Hemi-sphere 

time-distance 

RS > time-numerosity RS 

time-distance 

RS > distance-numerosity RS 

time-numerosity 

RS > distance-numerosity RS 

t 23 p corr t 23 p corr t 23 p corr 

IPS, postcentral gyrus, 

inferior parietal lobule 

right 7.0 < 0.001 6.4 < 0.001 − 0.5 > 0.5 

IFG right 4.2 < 0.001 2.6 .025 − 2.2 .06 

left 5.5 < 0.001 1.1 .35 − 3.3 .006 

hMT + , fusiform gyrus, 

inferior occipital gyrus 

right 10.2 < 0.001 10.8 < 0.001 0.5 > 0.5 

left 11.3 < 0.001 11.1 < 0.001 < / > 0.1 > 0.5 

lingual gyrus right 1.2 .34 4.5 < 0.001 3.8 .003 

left 1.4 .26 5.9 < 0.001 3.1 .010 

middle occipital gyrus right 7.1 < 0.001 7.3 < 0.001 − 0.5 > 0.5 

postcentral gyrus right 3.5 .004 3.4 .006 − 1.3 .28 

superior medial gyrus 3.1 .010 0.6 > 0.5 − 3.6 .004 

paracentral gyrus − 0.6 > 0.5 0.3 > 0.5 0.9 .50 
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 longer distance in the same time requires higher speed). This situation
s different for the time-on-distance effect. If the illusory increase of
n actually constant distance is driven by an increase in speed (rather
han by an increase in travel time), then we would expect a reversed
i.e., a negative) relation between travel time and perceived traveled
istance, because, given a constant distance, travel time correlates neg-
tively with speed (a longer travel time for the same distance can only
e achieved by reducing speed). This is the pattern that we found the
resent study. 

In line with this interpretation that the interference between travel
ime and traveled distance is mediated by speed, many studies re-
orted a positive relation between traveled distance and perceived
ravel time, while no or a negative relation was found between travel
ime and perceived distance ( Frenz and Lappe, 2005 ; Herman et al.,
984 ; Montello, 1997 ; Riemer et al., 2018 ; van Rijn, 2014 ; but see
ohen et al., 1963 ). 

The symmetry or asymmetry of cross-dimensional interferences is
lso a matter of debate in the literature on the interaction between
ime and space perception in general ( Cai and Connell, 2015 ; Casasanto
nd Boroditsky, 2008 ; Riemer et al., 2018 ) . 5 Many studies report an
symmetrical relationship, with time being significantly more affected
y space than vice versa ( Bottini and Casasanto, 2013 ; Casasanto and
oroditsky, 2008 ; Merritt et al., 2010 ). Others have argued that the
pparent asymmetry reflects a confound of spatial stimuli being more
alient than temporal stimuli ( Cai and Connell, 2015 ; Homma and
shida, 2015 ) or of spatial magnitudes being presented instantaneously
ithout continuous accumulation (which is impossible for the dimen-

ion of time; Lambrechts et al., 2013 ; Riemer, 2015 ). Is has also been
rgued that the time-space asymmetry is an epiphenomenon of the fact
hat the processing of spatial information is behaviorally more relevant
han the processing of temporal contingencies ( Riemer et al., 2018 ).
ndeed, studies reporting an absence or a relative insignificance of an
nterference from time on space (e.g., Bottini and Casasanto, 2013 ;
asasanto et al., 2010 ; Casasanto and Boroditsky, 2008 ; Gijssels et al.,
013 ; Merritt et al., 2010 ) are accompanied by many other studies
emonstrating a time-on-space effect of a comparable size as the space-
n-time effect (e.g., Cai and Connell, 2015 ; Homma and Ashida, 2015 ;
ambrechts et al., 2013 ; Lourenco and Longo, 2010 ; Experiment 1 in
iemer et al., 2018 ). 

A critical difference between the studies supporting and disprov-
ng the idea of an asymmetrical time-space interference seems to lie
5 It is important to distinguish the interference between travel time and trav- 

led distance (involving a speed component) from the interference between time 

nd space in general (usually not involving a speed component). 

i  

w  

n  

r  

O  

9 
n the involvement of a speed component. Either no or a reversed ef-
ect of time on space was found in studies using dynamic stimuli, in
hich time and space dimensions are connected via some factor of

peed (moving objects in Bottini and Casasanto, 2013 ; growing lines
n Gijssels et al., 2013 ; accumulating surface in Martin et al., 2017 ;
elf-motion in the present study), whereas the majority of studies us-
ng static stimuli show a positive effect of time on space (e.g., Cai and
onnell, 2015 ; Homma and Ashida, 2015 ; Lourenco and Longo, 2010 ;
xperiment 1 in Riemer et al., 2018 ; but see Experiment 6 in Casasanto
nd Boroditsky, 2008 ). 

Hence, on a more general level, the asymmetric interference between
ravel time and traveled distance found in the present and in other stud-
es reinforce the idea that time-space interferences are governed by the
actor of speed ( Storch and Zimmermann, 2019 ). As long as temporal
nd spatial stimuli are presented statically (i.e., without a speed compo-
ent) a symmetric interference is observed. Space is influenced by time
o a comparable degree as vice versa. But as soon as a speed component
s introduced, it governs the time-space interference. Increases in speed
ead to increases in temporal and spatial estimates. And with respect
o the direct relation between time and space, this results in a positive
elationship between actual spatial distance and perceived time, and in
 negative relationship between actual time and perceived spatial dis-
ance. 

Neuroimaging studies in humans and single cell recordings in ani-
als suggest an involvement of right-hemispheric parietal and frontal

rain regions in the processing of temporal, spatial and numerical mag-
itudes ( Bueti and Walsh, 2009 ; Leon and Shadlen, 2003 ; Nieder et al.,
006 ; Riemer et al., 2016 ; Skagerlund et al., 2016 ; Walsh, 2003 ). These
ndings led to the assumption that these areas contain a dimension-
nspecific magnitude system ( Bueti and Walsh, 2009 ; Walsh, 2003 ).
owever, the fact that different magnitudes are processed in common
reas does not necessarily mean that these areas are directly involved
n the interference across those magnitudes. The results of the present
tudy are unclear with respect to this issue. While representational simi-
arity in the right IPS was correlated with the time-on-distance effect, we
id not find a significant correlation for the reversed distance-on-time ef-
ect. This result shows that the right IPS in principle is involved in cross-
imensional interferences between time and distance, but it seems that
his involvement depends on the direction of interference. Based on the
resent study we cannot explain this direction dependency. However, it
ighlights an issue that has been largely unaddressed to date. Many stud-
es investigated either the asymmetry of time-space interferences (e.g.,
hether time is more influenced by space than vice versa; Cai and Con-
ell, 2015 ; Casasanto and Boroditsky, 2008 ; Riemer et al., 2018 ) or the
ole of the IPS for time-space interferences (e.g., Magnani et al., 2010 ;
liveri et al., 2009 ; Riemer et al., 2016 ). The present study suggests that
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t might be advisable to combine these research questions and to clarify
hether the role of the IPS depends on the direction of influence. 

Using transcranial magnetic stimulation, Hayashi et al. (2013) sug-
ested that the right inferior frontal gyrus (IFG) is specifically involved
n the decision phase of magnitude comparison, while the right intra-
arietal cortex modulates the degree of cross-dimensional interference.
his interpretation is supported by our findings. Representational simi-

arity in the right IPS correlated with the interference from time on dis-
ance. Independent of the strength of this interference effect, we found
 common activation of the right IFG in all trials requiring continuous
ccumulation of a magnitude (i.e., time, distance and numerosity trials;
ee univariate fMRI results in Section 3.2.1 ). In addition to the study
y Hayashi et al. (2013) , our results show that the right IFG is already
ecruited during the accumulation phase, that is, before a categorical
ecision is made. 

An important question relates to the cognitive level at which cross-
imensional interferences between travel time and traveled distance oc-
ur. There are three possible processing stages. First, interference can
merge at the level of stimulus processing. For example, when accu-
ulating temporal information during a time trial, the accumulation
rocess might be contorted by an automatic parallel processing of spa-
ial distance, which ultimately would result in a distorted input signal.
econd, at the representational level. Assuming a veridical processing of
ll parameters (i.e., time, distance and speed), the neuronal representa-
ion of these interdependent magnitudes might overlap to some extent
 Pinel et al., 2004 ). For example, parietal brain regions are sensitive to
nformation from various magnitudes including time, space, numeros-
ty and movement speed ( Britten, 2008 ; Cona et al., 2021 ; Gijssels et al.,
013 ; Parkinson et al., 2014 ; Walsh, 2003 ), and Pinel et al. (2004) re-
orted that the interference between two magnitudes scaled with the
ize of the respective overlapping neuronal representations. Third, at
he level of response selection. Being exposed to a low value of a
ask-irrelevant magnitude might prime a congruent response, even if
he task requires judgments with respect to a different magnitude. In
his case, cross-dimensional interference would reflect mere response
iases. 

This third possibility is disproved by the fact that an interference
ffect did neither appear between travel time and numerosity nor be-
ween traveled distance and numerosity, although the decision between
he responses ‘less’ and ‘more’ was equal for time, distance and numeros-
ty trials. Instead, the results of the present study are in favor of the first
nd the second possibility. Evidence for the interpretation that the in-
erference between travel time and traveled distance emerges during
he accumulation process or at the representational level is provided
y the finding that individual representational similarity during the ac-
umulation of time and distance information in speed-sensitive brain
egions (hMT + and IPS) is correlated with the strength of the interfer-
nce effect: More similar activation patterns lead to a stronger influ-
nce of traveled distance on perceived travel time (or a stronger in-
uence of travel time on perceived traveled distance, respectively; cf.
ig. 4 ). Moreover, the absence of interference between numerosity and
ither time or distance in the present study matches the observation
hat, for all regions showing higher activity during magnitude accumu-
ation, both time-numerosity and distance-numerosity representational
imilarity was considerably smaller than the representational similarity
etween time and distance ( Fig. 5 and Table 2 ). 

A limitation of the present study is that area hMT + was not defined
n the basis of a functional localizer, as is typically done in studies on
otion perception (e.g., Kamitani and Tong, 2006 ; van Kemenade et al.,
014 ). Instead, we used an atlas-based approach ( Amunts et al., 2007 ;
ickhoff et al., 2005 ), in which hMT + was defined based on cytoarchi-
ectonic properties ( Malikovic et al., 2006 ) to anatomically characterize
he observed clusters. Although Wilms et al. (2005) observed a reason-
ble correspondence of this cytoarchitectonic map with functionally de-
ned hMT + , implementing a functional localizer would have reduced
he influence of individual variability in hMT + location. 
10 
The absence of numerosity-related interference effects suggests that
umerosity either was not automatically processed (in time and dis-
ance trials) or that this process did not interfere with time and dis-
ance accumulation. It should be noted that the absence of numerosity-
elated interference effects in the present study contrasts with many
revious reports (e.g., Cicchini et al., 2016 ; Dormal and Pesenti, 2013 ;
ayashi et al., 2013 ; Schlichting et al., 2018 ). A possible explanation

or this inconsistency lies in the design of our study. The relation be-
ween travel time and traveled distance is very obvious. Although time
nd distance can be decoupled by varying the speed of motion (e.g.,
obinson and Wiener, 2021 ), it usually does take more time to walk a

onger distance. Such a naturalistic relationship towards either time or
istance is less evident for the abstract concept of numerosity, and this
ight have reduced the numerosity-related interference effects in our

tudy. A potential way to test this assumption consists in a more natu-
alistic implementation of the numerosity dimension in future studies.
or example, participants could be asked to estimate the number of cars
arked at the sidewalks, because the idea of cars has a more obvious
elation both to spatial distance (i.e., car length) and to travel time (i.e.,
t takes time to walk past a car) than the more abstract idea of dots
ashing on the ground. 

. Conclusion 

In the present study, we show that the strength of cross-dimensional
nterference effects between travel time and traveled distance correlates
ith representational similarity in speed-sensitive brain regions. The ef-

ect of distance on time was associated with higher representational sim-
larity in left area hMT + and fusiform gyrus, and the effect of time on
istance was associated with higher representational similarity in the
ight IPS. Together with the finding of an opposite direction for the
nterference from distance on time and the interference from time on
istance (which would be expected under the assumption that the per-
eption of speed is the modulating factor), these results support the view
hat the asymmetric interference between travel time and traveled dis-
ance is mediated by neuronal computations in speed-sensitive parietal
nd extrastriate areas. 

. Significance statement 

Many studies show that the perception of travel time and of trav-
led distance interfere with each other. Representations of movement
peed provide a possible mechanism for this interference, but to date the
ole of speed representations for time-distance interference has not been
nvestigated. The present study employs a combined fMRI-behavioral
aradigm to investigate the relation between behavioral interference
etween travel time and distance and neuronal representations of move-
ent speed. 

Using representational similarity analysis (RSA), we show that be-
avioral measures for time-distance interference correlate with greater
epresentational similarity in speed-sensitive brain regions such as the
ntraparietal sulcus and area hMT + . To the best of our knowledge, this
s the first evidence connecting time-distance interference effects at the
ehavioral level with the amount of representational similarity at the
euronal level. 
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