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Abstract
Several features of tactile stimuli modulate the perceived distance between touches. In particular,

distances are perceived as farther apart when the time interval between them is longer, than when

it is shorter. Such effects have been interpreted as a form of ‘psychological relativity’, analogous to
Einstein’s conception of a four-dimensional space–time. We investigated whether similar effects

occur for stimulus features other than time, specifically stimulus intensity. We hypothesised

that perceived distance would be increased when the two stimuli differed in intensity, since

they would then be farther apart in a multi-dimensional feature space. Participants made verbal

estimates of the perceived distance between two touches on their left hand. Intensity was manipu-

lated such that both stimuli could be intense, both could be light, or one could be intense and the

other light. We found no evidence for change in perceived tactile distance when stimuli intensity

mis-matched. In contrast, there were clear effects of average stimulus intensity on perceived dis-

tance. Intense stimuli were judged as farther apart than light stimuli, and mixed stimuli were inter-

mediate. These results are consistent with theories of general magnitude representation, which

argue that multiple dimensions of magnitude are dependent on a shared underlying representation

of domain-general magnitude.
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Public Significance Statement
The ability to perceive how far apart two touches on the skin are is a basic perceptual ability. For more
than a century, it has been known that the timing between touches can affect perceived distance. It is
unknown whether this relation is specific to space and time, or whether differences in other stimulus
features, such as intensity, also influence perceived distance. We show that the fact that two touches
differ in intensity does not affect the perceived distance between them. However, the average intensity
of the two stimuli does have an effect, with distances felt as farther apart for more intense stimuli.

Inhis classic studies,Weber (1834)discovered that ashemoved the twopointsof a compass acrosshis
skin, the perceived distance between themwas biggerwhenhe touched a region of high tactile sensitivity
compared to a region of lower sensitivity. Subsequent research showed a systematic relation between
skin sensitivity and perceived tactile distance (Cholewiak, 1999; Miller et al., 2016; Taylor-Clarke
et al., 2004). Similar illusions occur comparing stimuli in different orientations on individual skin sur-
faces (Green, 1982; Longo & Haggard, 2011; Tamè et al., 2021), with distances oriented across body
width perceived larger than those along body length. This shows what is called an anisotropy,
meaning that the stimulus is felt as bigger when in one orientation than another. Such anisotropies in
tactile distance have striking correspondence to anisotropies in tactile acuity (Cody et al., 2008) and
the geometry of tactile receptive fields of somatosensory neurons (Brooks et al., 1961). Similarly, adap-
tation aftereffects for tactile distance show sensitivity to several features linking them to relatively low-
level features of the somatosensory system, such as orientation-specificity, region-specificity, and lackof
transfer contralaterally or between the palmanddorsum (Calzolari et al., 2017).These links betweenper-
ceived tactile distance and established features of primary somatosensory maps suggest that tactile dis-
tance perception arises from basic features of early somatosensory processing.

At the same time, other evidence has linked tactile distance perception to higher-level, andmore cogni-
tive aspects of body representation. For example, perceptual illusionswhich alter perceived body size have
been found to produce corresponding changes in perceived tactile distance (Taylor-Clarke et al., 2004).
Similarly, tool use also changes patterns of tactile distance perception on the hand and arm (Miller et al.,
2014). Finally, tactile distance perception is altered in anorexia nervosa (Keizer et al., 2011), a condition
strongly linked to altered body image (Keizer & Engel, 2022). One recent study showed that patients
with anorexia show increases in judged tactile distance when a delay is introduced between the stimulus
and response (Engel et al., 2022), suggesting that higher-level cognitive influences may shape responses.
Thus, tactile distance perception is shaped both by bottom-up factors related to the basic organisation of the
somatosensory system, and by higher-level cognitive factors relating to body image.

A further interesting connection between tactile distance perception and higher-level cognitive
process comes from a recent study (Hidaka et al., 2020) which reported an anisotropy in tactile time
perception analogous to the anisotropy in tactile distance perception found in many studies (Longo
& Haggard, 2011). The perceived duration that elapsed between two taps on the hand dorsum was
larger when the two touches were oriented with the medio-lateral hand axis than when aligned with
the proximo-distal hand axis. Similarly, simultaneously presented pairs of touch are perceived as
closer together than sequentially presented pairs (Cholewiak, 1999; Green, 1982; Sadibolova
et al., 2018). Such findings fit with a larger literature showing numerous linkages between tactile
information about space and time (Goldreich, 2007), including effects such as the cutaneous
rabbit (Geldard & Sherrick, 1972) and tau/kappa effects (Helson, 1930; Suto, 1952).

Oneapproach to effects of temporal informationon tactile distance perception is to suppose that rather
than reflecting only the distance between two judged locations on the skin, tactile distance perception
involves calculating distance in some higher-dimensional feature space. For example, consider the
finding of Sadibolova et al. (2018) that perceived tactile distance is bigger for sequential than for simul-
taneous pairs of touches (Figure 1A). Simultaneous touches differ only in spatial location. Sequential
touches, in contrast, differ both in location and in time (or temporal ‘location’). Perceived distance
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might reflect both these componentsof ‘distance’within apsychological space–time.Similarly, in the tau
effect (Helson, 1930; Helson & King, 1931), when three evenly spaced touches are applied across the
skin with the duration between the first and second less than that between the second and third, the per-
ceived distance between the final two touches is bigger than between the first two touches (Figure 1B).
While the difference in spatial location between the pairs of touches is equal, the temporal difference is
bigger for the latter pair.Helson called thispsychological relativity, drawing an explicit linkbetweenper-
ceived distance in an integrated psychological representation of space and time with Einstein’s (1920)
physical conception of four-dimensional space–time (Figure 1).

Helson’s ideas about the effects on tactile distance of space and time are related to more general
ideas about the role of distances in ‘psychological space’ in determining perceived similarity and
generalisation across concepts (Shepard, 1987). The distance between touches may be larger
when stimuli differ in any stimulus dimension in addition to location. For example, touches that
differ in texture or intensity may feel farther apart than touches identical except for location.

The present experiment investigated this possibility. Participants judged the distance between two
touches on their hand. On some trials the touches were low intensity (light stimuli), on other trials high
intensity (intense stimuli), and finally on some trials one stimulus was weak and one intense (mixed
stimuli). If perceived tactile distance is basedondistance inamulti-dimensional stimulus space, perceived
distance should increase onmixed trials, since the twostimuli differ in a dimension in addition to location.
In contrast, on a general magnitude interpretation, perceived tactile distance should scale with stimulus
intensity, and thus be larger for intense than for light trials, and intermediate for mixed trials.

Method

Participants
Twelve volunteers (11 women;M: 30.6 years) participated. All were right-handed by the Edinburgh
Inventory (M: 81.6, range: 15.8–100). Participants gave written informed consent. Procedures were
approved by the Department of Psychological Sciences ethics committee at Birkbeck.

Figure 1. Helson’s concept of ‘psychological relativity’, applied to two experimental paradigms. Panel A: In
Sadibolova et al. (2018), the perceived distance between two touches was bigger for sequential than

simultaneous touches. According to psychological relativity, this reflects the fact that sequential trials have an

additional temporal component to the total distance. Panel B: In the tau effect (Helson, 1930; Helson & King,

1931) three touches are presented sequentially at equal spatial intervals, but unequal temporal intervals. The

perceived distance between the two touches that are farther apart in time is perceived as larger. This can be

explained as reflecting the fact that while the spatial distances are the same, the temporal distances differ,

leading to differences in overall distance in psychological space–time.
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In Sadibolova et al. (2018), the comparison of sequential versus simultaneous touches shows a
large effect size (Cohen’s dz= 1.509, calculated by converting the reported F-statistic to a t-statis-
tic). A power analysis using G∗Power 3.1 using alpha of 0.05, and power of 0.95 showed that eight
participants are needed. Our sample size is 50% larger than this, and thus is well-powered to detect a
comparable effect of stimulus intensity.

Procedures
The stimuli were von Frey hairs (2 and 180 g), similar to those we used previously (Longo &
Golubova, 2017). von Frey hairs allow control of the pressure applied by each stimulus. Stimuli
were applied manually to the left hand dorsum for approximately 1 s.

On each trial, two locations were stimulated sequentially (∼1 s inter-stimulus interval). Ten locations
were marked in a line across the medio-lateral hand axis, separated by 5 mm (numbered 1–10 from left
to right). Across trials, there were five distances between touches: 2 cm (locations 1–5, 3–7, 4–8, 6–10),
2.5 cm (locations 1–6, 2–7, 4–9, 5–10), 3 cm (locations 1–7, 2–8, 3–9, 4–10), 3.5 cm (locations 1–8, 2–
9, 3–10), and 4 cm (locations 1–9, 2–10). For each pair, the order of stimulation was counterbalanced
across trials. Participants were blindfolded and not permitted to see the marked locations. They were
also not told which specific distances would be applied or even how many there would be.

Participants verbally estimated the distance between each pair of touches (in cm). Responses
were unspeeded, but participants were instructed to respond as precisely as possible. If participants
felt only one touch, they were asked to respond with 0 cm, which occurred on a total of 14 trials
(0.005%). These trials were included in analyses.

There were three experimental conditions. In light trials, the weak stimulus was used for both
locations. In intense trials, the strong stimulus was used for both locations. Finally, in mixed
trials, one of each intensity was used. For mixed trials, the order of the weak and intense stimulus
was counterbalanced across trials.

Within each condition, there were 80 trials, 16 of each of the 5 distances. The 240 trials were
presented in random order. There were 4 blocks, separated by a short break.

Raw data are available as Supplemental materials.

Analysis
We conducted three analyses on the data. The first used a repeated-measures analysis of variance
(ANOVA) to investigate the effects of actual distance (2, 2.5, 3, 3.5 and 4 cm) and intensity (light,
mixed and intense) on judged distance. Where Mauchley’s test indicated violation of the sphericity
assumption, the Greenhouse-Geisser correction was applied.

The second analysis re-expressed judged distance relative to actual distance to quantify overesti-
mation as a percentage of actual distance. This allowed us to collapse across the five actual dis-
tances. We then conducted a one-way repeated measures ANOVA comparing the three
intensities. The three intensities were compared to each other using post-hoc paired t-tests using
Holm-Bonferroni correction for multiple comparison.

Finally, we investigated the effects of intensity on a trial-by-trial basis using linear mixed-effects
models. For each trial, we coded whether the two stimuli matched or mismatched in intensity as a
dichotomous variable. We also coded the average stimulus intensity (in milliNewtons).
Mixed-effects models were calculated using the lme4 R toolbox (Bates et al., 2015). Judged size
was modelled using actual distance and average intensity as random effect and mismatch as a
fixed effect, including by-participant random intercepts and slopes for actual distance and
average intensity. Significance was assessed using model comparison.
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Results
The left panel of Figure 2 shows mean judgments of distance as a function of actual distance. There
was a main effect of actual distance, F(4, 44)= 40.45, p < .0001, ηp2= .786, with judgments increas-
ing monotonically with actual distance. There was also a significant main effect of intensity, F(2,
22)= 20.70, p< .0001, ηp2= .653, with a large effect size. There was no significant interaction,
F(2.22, 24.42)= 0.37, p= .718, ηp2= .032.

To assess the relation between actual and judged size,we expressed each response as an overestimation
as a percentage of actual stimulus distance. This allowed us to collapse across actual distance, greatly
simplifying the results (Figure 2, right panel). Across conditions, there was a tendency to underestimate
stimulus size (16.74% underestimation), t(11)=−2.87, p= .0152, d=0.827. To compare the different
intensities, we conducted a one-way ANOVA, which revealed a main effect of intensity, F(2, 22)=
17.13, p< .0001, ηp2= .609, with a large effect size. Judgments in the mixed condition were intermediate
between the other two conditions. Post-hoc comparisons with Holm-Bonferroni correction for multiple
comparisons revealed that perceived distance was larger in the intense condition than in the light,
t(11)=5.12, p< .001, dz=1.479, or mixed, t(11)=2.27, p= .0443, dz=0.656, condition, and larger in
the mixed than the light condition, t(11)=3.98, p= .002, dz=1.148.

Finally, we investigated the effects of stimulus mismatch and average intensity using linear
mixed-effects models. There were clear effects of actual stimulus size, χ2(1)= 24.34, p < .0001,
and average intensity, χ2(1)= 16.28, p < .0001. In contrast, however, there was no effect at all of
mismatch, χ2(1)= 0.68, p= .411.

Discussion
We investigated the effect of stimulus intensity on tactile distance perception. Two touches were
judged as farther apart when they were both intense compared to when they were both light.
Mixed pairs, with one intense and one light stimulus, were intermediate. These results suggest
that perceived tactile distance scales with the average intensity of two stimuli. In contrast, perceived
tactile distance was not affected by the mismatch in intensity between the two stimuli.

Figure 2. Left panel: Judged distance as a function of actual distance. Judged distance increased monotonically

with actual distance, but was influenced by stimulus intensity. Right panel: Data re-expressed as overestimation

of actual distance and averaged across stimulus size. Intense stimuli were judged as farther apart than light

stimuli. Mixed stimuli were intermediate between the two. Error bars are one standard error.
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These results are inconsistent with the idea that perceived tactile distance reflects distance in a higher-
dimensional feature space, incorporating not only spatial information but other stimulus features. This
idea is related to Helson’s (1930; Helson & King, 1931) hypothesis of ‘psychological relativity’, in
which perception is related to distance in an integrated representation of space–time. Though Helson
framed this idea specifically in the context of space and time, we hypothesised that analogous logic
would apply to other features of stimuli, specifically to stimulus intensity. This linkage would have
been consistent with wider ideas on the link between psychological ‘distance’ and similarity in multi-
featural mental spaces (Shepard, 1987). This hypothesis, however, was not supported by the data.
Whether or not two touches differed in intensity had no effect on the perceived distance between them.

Our resultshavesimilaritieswith thoseofFlachandHaggard(2006),whocompared ‘spatial’and ‘spatio-
temporal’models of timing effects on tactile localisation in the cutaneous rabbit illusion. In this illusion, a
series of rapid touchesfirst at one skin location and then at a second location is experienced as a sequence of
taps ‘hopping’ between the two locations. Flach and Haggard argued that timing effects result from decay
withinaunimodal tactilemap,andnot froman integrated representationof spaceand time.Theysuggest that
timing effects on perceived tactile distance in the tau effect may result from distortion of an initially purely
tactile spatial representation of distance by later processing stages. Our results are consistent with a similar
model of the effects of intensity.Differences in intensity between two stimuli donot appear to be interpreted
as an additional component of ‘distance’ between them. Rather, judgments reflect a combination of the
actual spatial relation between the stimuli, which presumably reflects readout from early tactile maps
such as in primary somatosensory cortex, and the average intensity of stimuli, whichmay reflect distortion
from later processing stages, as suggested by Flach and Haggard in the cutaneous rabbit.

The effect of stimulus intensity on perceived tactile distance fits with a larger literature showing that
task-irrelevant features of magnitude that can be interpreted as ‘more than’ and ‘less than’ affect percep-
tion of other magnitudes (Lourenco&Longo, 2011;Walsh, 2003). For example, there is clear evidence
for cross-dimensional interactions betweenmagnitude dimensions such as size andnumerosity (Tzelgov
et al., 1992), size and duration (Cohen et al., 1954; Xuan et al., 2007), duration and numerosity (Dormal
et al., 2006), and number and luminosity (Cohen Kadosh et al., 2008). The present finding that the dis-
tance between touches is felt as larger for more intense stimuli fits with these other studies.

Our results add to a growing list of variables that alter perceived tactile distance. These include body
part (Weber, 1834), with distances felt as larger on sensitive than on less sensitive skin surfaces; orienta-
tion (Fiori &Longo, 2018; Longo&Haggard, 2011), with distances across bodywidth felt as larger than
those along body length or height; the timing between touches (Helson&King, 1931); vision of the body
(Longo & Sadibolova, 2013); the presence of joints (de Vignemont et al., 2008; Le Cornu Knight et al.,
2014,2020), tooluse (Canzoneri et al., 2013;Miller et al., 2014); and illusionsofbodysize (Taylor-Clarke
et al., 2004). Our results show that average stimulus intensity also influences perceived tactile distance.

Author contribution(s)
Matthew R. Longo: Conceptualization; Formal analysis; Formal analysis; Methodology; Supervision;
Visualization; Writing – original draft.
Sonia Medina: Conceptualization; Investigation; Writing – review & editing.

Declaration of Conflicting Interests
The authors declared no potential conflicts of interest with respect to the research, authorship, and/or publica-
tion of this article.

Funding
The authors disclosed receipt of the following financial support for the research, authorship, and/or publication
of this article: This research was supported by a European Research Council award (ERC-2013-StG- 336050)
under the FP7 to MRL.

Longo and Medina 779



ORCID iD
Matthew R. Longo https://orcid.org/0000-0002-2450-4903

Supplemental Material
Supplemental material for this article is available online.

References
Bates, D., Mächler, M., Bolker, B. M., &Walker, S. C. (2015). Fitting linear mixed-effects models using lme4.

Journal of Statistical Software, 67, 1–48. https://doi.org/10.18637/jss.v067.i01
Brooks, V. B., Rudomin, P., & Slayman, C. L. (1961). Peripheral receptive fields of neurons in the cat’s cere-

bral cortex. Journal of Neurophysiology, 24, 302–325. https://doi.org/10.1152/jn.1961.24.3.302
Calzolari, E., Azañón, E., Danvers, M., Vallar, G., & Longo, M. R. (2017). Adaptation aftereffects reveal that

tactile distance is a basic somatosensory feature. Proceedings of the National Academy of Sciences, 114,
4555–4560. https://doi.org/10.1073/pnas.1614979114

Canzoneri, E., Ubaldi, S., Rastelli, V., Finisguerra, A., Bassolino, M., & Serino, A. (2013). Tool-use reshapes
the boundaries of body and peripersonal space representations. Experimental Brain Research, 228, 25–42.
https://doi.org/10.1007/s00221-013-3532-2

Cholewiak, R. W. (1999). The perception of tactile distance: Influences of body site, space, and time.
Perception, 28, 851–875. https://doi.org/10.1068/p2873

Cody, F.W. J., Garside, R.A.D., Lloyd,D.,&Poliakoff, E. (2008). Tactile spatial acuity varieswith site and axis
in the human upper limb. Neuroscience Letters, 433, 103–108. https://doi.org/10.1016/j.neulet.2007.12.054

Cohen, J., Hansel, C. E. M., & Sylvester, J. D. (1954). Interdependence of temporal and auditory judgments.
Nature, 174, 642–644. https://doi.org/10.1038/174642a0

Cohen Kadosh, R., Cohen Kadosh, K., & Henik, A. (2008). When brightness counts: The neuronal correlate of
numerical-luminance interference. Cerebral Cortex, 18, 337–343. https://doi.org/10.1093/cercor/bhm058

de Vignemont, F., Majid, A., Jola, C., & Haggard, P. (2008). Segmenting the body into parts: Evidence from
biases in tactile perception.Quarterly Journal of Experimental Psychology, 62, 500–512. https://doi.org/10.
1080/17470210802000802

Dormal, V., Seron, X., & Pesenti, M. (2006). Numerosity-duration interference: A Stroop experiment. Acta
Psychologica, 121, 109–124. https://doi.org/10.1016/j.actpsy.2005.06.003

Einstein, A. (1920). Relativity: The special and the general theory (R. W. Lawson, Trans.). Methuen & Co.
Engel, M. M., Gadsby, S., Corcoran, A. W., Keizer, A., Dijkerman, H. C., & Hohwy, J. (2022). Waiting

longer, feeling fatter: Effects of response delay on tactile distance estimation and confidence in females
with anorexia nervosa. Brain and Behavior, 12, e2422. https://doi.org/10.1002/brb3.2422

Fiori, F., &Longo,M. R. (2018). Tactile distance illusions reflect a coherent stretch of tactile space.Proceedings
of the National Academy of Sciences, 115, 1238–1243. https://doi.org/10.1073/pnas.1715123115

Flach, R., & Haggard, P. (2006). The cutaneous rabbit revisited. Journal of Experimental Psychology: Human
Perception and Performance, 32, 717–732. https://doi.org/10.1037/0096-1523.32.3.717

Geldard, F. A., & Sherrick, C. E. (1972). The cutaneous “rabbit”: A perceptual illusion. Science, 178, 178–179.
https://doi.org/10.1126/science.178.4057.178

Goldreich, D. (2007). A Bayesian perceptual model replicates the cutaneous rabbit and other tactile spatio-
temporal illusions. PLoS One, 2, e333. https://doi.org/10.1371/journal.pone.0000333

Green, B. G. (1982). The perception of distance and location for dual tactile pressures. Perception and
Psychophysics, 31, 315–323. https://doi.org/10.3758/BF03202654

Helson, H. (1930). The tau effect - An example of psychological relativity. Science, 71, 536–537. https://doi.
org/10.1126/science.71.1847.536

Helson, H., & King, S. M. (1931). The tau effect: An example of psychological relativity. Journal of
Experimental Psychology, 14, 202–217. https://doi.org/10.1037/h0071164

Hidaka, S., Tamè, L., Zafarana, A., & Longo, M. R. (2020). Anisotropy in tactile time perception. Cortex, 128,
124–131. https://doi.org/10.1016/j.cortex.2020.03.011

780 Perception 52(11–12)

https://orcid.org/0000-0002-2450-4903
https://orcid.org/0000-0002-2450-4903
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1152/jn.1961.24.3.302
https://doi.org/10.1152/jn.1961.24.3.302
https://doi.org/10.1073/pnas.1614979114
https://doi.org/10.1073/pnas.1614979114
https://doi.org/10.1007/s00221-013-3532-2
https://doi.org/10.1007/s00221-013-3532-2
https://doi.org/10.1068/p2873
https://doi.org/10.1068/p2873
https://doi.org/10.1016/j.neulet.2007.12.054
https://doi.org/10.1016/j.neulet.2007.12.054
https://doi.org/10.1038/174642a0
https://doi.org/10.1038/174642a0
https://doi.org/10.1093/cercor/bhm058
https://doi.org/10.1093/cercor/bhm058
https://doi.org/10.1080/17470210802000802
https://doi.org/10.1080/17470210802000802
https://doi.org/10.1080/17470210802000802
https://doi.org/10.1016/j.actpsy.2005.06.003
https://doi.org/10.1016/j.actpsy.2005.06.003
https://doi.org/10.1002/brb3.2422
https://doi.org/10.1002/brb3.2422
https://doi.org/10.1073/pnas.1715123115
https://doi.org/10.1073/pnas.1715123115
https://doi.org/10.1037/0096-1523.32.3.717
https://doi.org/10.1037/0096-1523.32.3.717
https://doi.org/10.1126/science.178.4057.178
https://doi.org/10.1126/science.178.4057.178
https://doi.org/10.1371/journal.pone.0000333
https://doi.org/10.1371/journal.pone.0000333
https://doi.org/10.3758/BF03202654
https://doi.org/10.3758/BF03202654
https://doi.org/10.1126/science.71.1847.536
https://doi.org/10.1126/science.71.1847.536
https://doi.org/10.1126/science.71.1847.536
https://doi.org/10.1037/h0071164
https://doi.org/10.1037/h0071164
https://doi.org/10.1016/j.cortex.2020.03.011
https://doi.org/10.1016/j.cortex.2020.03.011


Keizer, A., Aldegonda, M., Smeets, M., Christiaan, H., van den Hout, M., Klugkist, I., Van Elburg, A., &
Postma, A. (2011). Tactile body image disturbance in anorexia nervosa. Psychiatry Research, 190,
115–120. https://doi.org/10.1016/j.psychres.2011.04.031

Keizer, A., & Engel, M. (2022). Body representation in anorexia nervosa. In A. J. T. Alsmith & M. R. Longo
(Eds.), The Routledge Handbook of Bodily Awareness (pp. 380–397). Routledge.

Le Cornu Knight, F., Bremner, A. J., & Cowie, D. (2020). Does the language we use to segment the body,
shape the way we perceive it? A study of tactile perceptual distortions. Cognition, 197, 104127. https://
doi.org/10.1016/j.cognition.2019.104127

Le Cornu Knight, F., Longo, M. R., & Bremner, A. J. (2014). Categorical perception of tactile distance.
Cognition, 131, 254–262. https://doi.org/10.1016/j.cognition.2014.01.005

Longo, M. R., & Golubova, O. (2017). Mapping the internal geometry of tactile space. Journal of
Experimental Psychology: Human Perception and Performance, 43, 1815–1827. https://doi.org/10.1037/
xhp0000434

Longo, M. R., & Haggard, P. (2011). Weber’s illusion and body shape: Anisotropy of tactile size perception on
the hand. Journal of Experimental Psychology: Human Perception and Performance, 37, 720–726. https://
doi.org/10.1037/a0021921

Longo, M. R., & Sadibolova, R. (2013). Seeing the body distorts tactile size perception. Cognition, 126,
475–481. https://doi.org/10.1016/j.cognition.2012.11.013

Lourenco, S. F., & Longo, M. R. (2011). Origins and development of generalized magnitude representation. In
S. Dehaene & E. M. Brannon (Eds.), Space, time and number in the brain: Searching for the foundations of
mathematical thought (pp. 225–244). Elsevier. https://doi.org/10.1016/B978-0-12-385948-8.00015-3

Miller, L. E., Longo, M. R., & Saygin, A. P. (2014). Tool morphology constrains the effects of tool use on
body representations. Journal of Experimental Psychology: Human Perception and Performance, 40,
2143–2153. https://doi.org/10.1037/a0037777

Miller, L. E., Longo, M. R., & Saygin, A. P. (2016). Mental body representations retain homuncular shape
distortions: Evidence from Weber’s illusion. Consciousness and Cognition, 40, 17–25. https://doi.org/
10.1016/j.concog.2015.12.008

Sadibolova, R., Tamè, L., Walsh, E., & Longo, M. R. (2018). Mind the gap: The effects of temporal and spatial
separation in localisation of dual touches on the hand. Frontiers in Human Neuroscience, 12, 55. https://doi.
org/10.3389/FNHUM.2018.00055

Shepard, R. N. (1987). Toward a universal law of generalization for psychological science. Science, 237,
1317–1323. https://doi.org/10.1126/science.3629243

Suto, Y. (1952). The effect of space on time estimation (S-effect) in tactual space. Japanese Journal of
Psychology, 22, 189–201. https://doi.org/10.4992/jjpsy.22.189

Tamè, L., Tucciarelli, R., Sadibolova, R., Sereno, M. I., & Longo, M. R. (2021). Reconstructing neural repre-
sentations of tactile space. NeuroImage, 229, 117730. https://doi.org/10.1016/j.neuroimage.2021.117730

Taylor-Clarke, M., Jacobsen, P., & Haggard, P. (2004). Keeping the world a constant size: Object constancy in
human touch. Nature Neuroscience, 7, 219–220. https://doi.org/10.1038/nn1199

Tzelgov, J., Meyer, J., & Henik, A. (1992). Automatic and intentional processing of numerical information.
Journal of Experimental Psychology: Learning, Memory, and Cognition, 18, 166–179. https://doi.org/
10.1037/0278-7393.18.1.166

Walsh, V. (2003). A theory of magnitude: Common cortical metrics of time, space and quantity. Trends in
Cognitive Sciences, 7, 483–488. https://doi.org/10.1016/j.tics.2003.09.002

Weber, E. H. (1834). De subtilitate tactus. In H. E. Ross & D. J. Murray (Eds.), E. H. Weber on the tactile
senses (pp. 21–128). Academic Press.

Xuan, B., Zhang, D., He, S., & Chen, X. (2007). Larger stimuli are judged to last longer. Journal of Vision, 7,
2. https://doi.org/10.1167/7.10.2.Introduction

Longo and Medina 781

https://doi.org/10.1016/j.psychres.2011.04.031
https://doi.org/10.1016/j.psychres.2011.04.031
https://doi.org/10.1016/j.cognition.2019.104127
https://doi.org/10.1016/j.cognition.2019.104127
https://doi.org/10.1016/j.cognition.2019.104127
https://doi.org/10.1016/j.cognition.2014.01.005
https://doi.org/10.1016/j.cognition.2014.01.005
https://doi.org/10.1037/xhp0000434
https://doi.org/10.1037/xhp0000434
https://doi.org/10.1037/xhp0000434
https://doi.org/10.1037/a0021921
https://doi.org/10.1037/a0021921
https://doi.org/10.1037/a0021921
https://doi.org/10.1016/j.cognition.2012.11.013
https://doi.org/10.1016/j.cognition.2012.11.013
https://doi.org/10.1016/B978-0-12-385948-8.00015-3
https://doi.org/10.1016/B978-0-12-385948-8.00015-3
https://doi.org/10.1037/a0037777
https://doi.org/10.1037/a0037777
https://doi.org/10.1016/j.concog.2015.12.008
https://doi.org/10.1016/j.concog.2015.12.008
https://doi.org/10.1016/j.concog.2015.12.008
https://doi.org/10.3389/FNHUM.2018.00055
https://doi.org/10.3389/FNHUM.2018.00055
https://doi.org/10.3389/FNHUM.2018.00055
https://doi.org/10.1126/science.3629243
https://doi.org/10.1126/science.3629243
https://doi.org/10.4992/jjpsy.22.189
https://doi.org/10.4992/jjpsy.22.189
https://doi.org/10.1016/j.neuroimage.2021.117730
https://doi.org/10.1016/j.neuroimage.2021.117730
https://doi.org/10.1038/nn1199
https://doi.org/10.1038/nn1199
https://doi.org/10.1037/0278-7393.18.1.166
https://doi.org/10.1037/0278-7393.18.1.166
https://doi.org/10.1037/0278-7393.18.1.166
https://doi.org/10.1016/j.tics.2003.09.002
https://doi.org/10.1016/j.tics.2003.09.002
https://doi.org/10.1167/7.10.2.Introduction
https://doi.org/10.1167/7.10.2.Introduction

	 Public Significance Statement
	 Method
	 Participants
	 Procedures
	 Analysis

	 Results
	 Discussion
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


