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The word ‘sensation’ refers to “a perception associated with stimulation of a sense 
organ or with a specific body condition” (American Heritage Dictionary, 2020). Colloquially, 
human perception is divided into five ‘senses’: sight, hearing, touch, smell, and taste; in 
reality, there are many more than five types of human sense organs, and each type plays a 
very specific role in human perception. For example, the task of determining the approximate 
position and orientation of our own body in the dark or with our eyes closed is relatively easy 
for most of us, but it requires input from a number of different kinds of receptors located in 
our skin, joints, muscles, and vestibular organs (Lackner & DiZio, 2005). Another example 
would be our sense of vision, which relies on input from both rod and cone cells in the eye 
(Gouras & Zrenner, 1981). It should come as no surprise that each sense, even in the broadest 
meaning of the word, is useful for accurately and precisely relaying certain types of 
information while being completely oblivious to others. Normally sighted individuals can 
easily spot the Moon on a clear night from a distance of hundreds of thousands of kilometers 
away, though no human sense organ besides the eye can detect such a distant object from 
here on Earth; meanwhile, loudspeakers producing music at even an uncomfortably high 
volume may not vibrate enough for us to see the movement. The normal human perception 
of the world therefore relies on the combination of many different sense organs all relaying 
signals to the brain, so that we can form what we perceive to be a complete picture of the 
present state of the world around us. This picture allows us to act in a way consistent with 
our current environment and our longer-term goals. 

Our actions concern not only the locations of stimuli and our own body, but also the 
past and future states of these stimuli. A baseball batter needs to be able to predict when the 
incoming ball will pass within striking distance of her bat; the time of the ball’s passing is 
quintessential to the success of this action. Musicians and dancers must similarly be aware of 
the speed and rhythm at which they are performing, as well as the speed and rhythm of their 
fellow performers. Failure of the performers to synchronize with one another results in what 
most people would consider a sloppy or amateurish performance. Even something as simple 
as pouring coffee requires that the pourer keep track of the amount of coffee currently in the 
cup and the rate at which it is rising, the position of the stream relative to the cup, as well as 
the gradually decreasing weight of the carafe. Missing or misjudging even one of these 
sources of information can result in a spill (Vaina, 1989). 

 

1.1. Space 

 One fundamental task of our various sensory systems is to help us determine the 
location of objects, creatures, and other people. Human perception of space can be described 
both in egocentric (“one meter to my right”) and in allocentric (“below the table”) terms 
(Burgess, 2006). We use both egocentric and allocentric reference frames to build our 
perception of the world around us, and we rely on a number of sources of sensory 
information—vision and proprioception, among others—to accomplish this task. 
Manipulating an object in our hand relies on egocentric reference frames, as we are only 
concerned with the spatial relation between the hand and object, regardless of where in the 
universe the hand and the object are. However, if we want to place the object down, walk to 
another room, and later return to retrieve it, allocentric reference frames provide far more 
useful information for recalling where it is (“the keys are in the bowl by the door”) than 
considering the angle and distance of the object from your hand. Spatial perception can also 



 8 

differ greatly when using purely haptic information versus when using purely visual 
information; consider the last time you felt around in the dark for an object that you couldn’t 
find, only to turn on the light and see the object right in front of you. Previous work has shown 
that people’s spatial perception can fall between what one would expect from a strictly 
allocentric reference frame and that from a strictly egocentric one: when blindfolded 
individuals were asked to feel a bar resting on a table and subsequently rotate a second bar 
such that it was parallel to the first, the orientation they set the bar to differed substantially 
from parallelity (Kappers, 2004). Furthermore, the difference in angle between the two bars’ 
orientations was greater when the two bars were set farther apart from each other.   

Given that spatial perception relies in part on visual information, it should come as no 
surprise that blind (or blindfolded sighted) individuals perceive space differently from sighted 
individuals in some cases. People who became blind early in life, for example, are sometimes 
better than blindfolded sighted individuals at locating the source of a nearby sound (Voss et 
al., 2004), or at detecting differences in similar tactile stimuli (B. Jones, 1972). These same 
people might have difficulty pointing to an object they have placed on a table, though they 
can typically navigate back to the same spot and correctly locate the object on the table 
(Hollins & Kelley, 1988). The complicated relationship between spatial perception and visual 
experience demonstrates that spatial perception does not depend on one modality alone, but 
on a complex interaction between modalities. 

 

1.2. Time 

 Just as important as knowing where things are around us is knowing when things are 
happening around us. Temporal perception allows us to estimate the speed of moving objects 
and predict future events, for example to estimate whether we have time to safely cross the 
street in front of a distant but approaching car. Temporal perception is also crucial for 
rhythmic activities such as singing, dancing, playing a musical instrument, or even speaking 
(for a review concerning both of these kinds of tasks, see Grondin, 2010). In order to execute 
any of these tasks, we need access to information about the tempo of the actions we are 
performing, possibly in relation to the tempo of an external stimulus, such as a metronome 
or a dance partner. As with spatial perception, temporal perception relies on input from a 
number of sensory modalities to accurately model the passage of time. Information gained 
from these various sensory modalities can provide vastly different indications of the timing 
of an event for both external and internal reasons. As light travels far faster than sound waves 
through air, distant events (such as a firework exploding overhead) can be seen long before 
they are heard, leading to a muddled perception of when exactly the witnessed event actually 
occurred. Internally, differing neural mechanisms for processing visual, auditory, and haptic 
information result in differences of precision for determining when an event occurred, even 
if said event is a self-executed action. 

 This thesis focuses on the perceived timing of brief, nearby events, such as a nearby 
beep or flash, or a self-generated finger tap. Even a discrepancy of a few tens of milliseconds 
between a visual and auditory event can be detected by the human brain (Zampini et al., 
2003); it is for this reason that some people do not enjoy watching videos with wireless 
headphones, whose audio output tends to lag a phone or computer screen output by roughly 
a hundred milliseconds. One useful method of quantifying perceivable discrepancies between 
two similar stimuli is to calculate the so-called just noticeable difference (JND), or the 
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approximate magnitude of difference between two stimuli necessary for people to reliably 
tell them apart. In a temporal perception context, this usually refers to the number of 
milliseconds necessary to separate the onset of two separate events before someone can 
reliably determine which event occurred first. In addition to differences in temporal precision 
between sensory modalities, there is some evidence that self-generated motor actions may 
be more precisely timed than external events of the same duration. Understanding the 
relative precisions of each sensory modality, including when the stimulus is self-generated, is 
crucial to understanding how we perceive time and how accurately and precisely we are able 
to do so. 

 Another method commonly used to assess people’s sense of rhythm and timing is the 
so-called finger tapping paradigm. In this task, participants are asked to tap their finger 
rhythmically along with an external guide stimulus, such as a metronome. In most cases, 
people are able to synchronize their taps to the rhythm of the guide reasonably well, though 
their exact accuracy and precision depends on a number of variables (for a review of the 
tapping literature, see Repp, 2005). For example, it is well documented that people tend to 
tap slightly too early on average. This so-called negative mean asynchrony is not yet well 
understood, despite being a nearly universal finding. People’s performance also depends, 
unsurprisingly, on the so-called stimulus inter-onset interval, or how rapidly the hypothetical 
metronome ticks. Up to a point, the faster the metronome ticks, the smaller that negative 
mean asynchrony becomes, and the less variable their tap timing becomes. It should also 
come as no surprise that musicians tend to be better at this task than non-musicians, and 
drummers are particularly exceptional at rhythmic tapping tasks. A common method in 
experiments to assess learning or adaptation is to gradually alter the feedback a participant 
receives on their performance (see, for example, Kooij et al., 2015). Imagine that your 
computer introduced a slight but gradually increasing angular offset in your cursor motions, 
such that every time you moved the mouse forward, the cursor traveled upward as normal, 
as well as a pixel to the left. After a week, perhaps the difference between how the cursor 
“should” move and how it actually moves could be as much as 30 degrees and you might not 
notice. This is a useful tool in experiments because it demonstrates that even when one is not 
consciously aware of a change in their environment, they can alter their actions to 
compensate for that change. These subtle perturbations can be designed to occur not only in 
space but in time, for example to alter the timing of feedback given on a finger tap task in an 
attempt to shift participants’ subsequent tap times. 

 

1.3. Interception 

Many tasks in everyday life require a sense of both space and time. A large number of 
popular sports primarily involve some version of catching or hitting a quickly moving ball. This 
kind of behavior is generally referred to as interception, and can be found across the animal 
kingdom, typically in terms of hunting. Interception in humans is usually thought of as a visual 
task, but plenty of animals rely on olfaction, echolocation, and electroreception to capture 
fleeing or unsuspecting prey (M. E. Nelson & MacIver, 1999; Surlykke & Kalko, 2008; Tricas, 
1982). Humans typically rely on a (visually relayed) combination of position and velocity 
information about their target to estimate when they should move and where they need to 
be to hit the target, and they continue to adapt their own interceptive motion in response to 
incoming information, up until about one hundred milliseconds before they hit the target (Eli 
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Brenner & Smeets, 2015). Put another way, it takes roughly one hundred milliseconds for 
people to process incoming visual information and update their motor actions accordingly, 
meaning any changes to the target trajectory that take place right before the time of 
interception cannot be accounted for in time. Under the right circumstances, people are 
capable of intercepting a moving target with temporal precision as high as five to six 
milliseconds, a window far more precise than the temporal information relayed by any one 
sensory modality (Eli Brenner et al., 2012). 

Humans can increase the temporal precision of their motor actions by making faster 
movements. This comes at the expense of spatial precision, but there are a number of 
techniques to compensate for this. In experimental interception tasks involving a circular 
target moving across a screen, people tend to follow the target with their hand before 
intercepting, matching the target’s velocity, which likely optimizes performance with regard 
to spatial and temporal precision (de la Malla & López-Moliner, 2015). People also tend to 
follow the target with their eyes, as opposed to looking at their hand or at the space where 
they want (or need) to hit the target. This technique maximizes the availability of spatial and 
temporal information which can be used for interception. When instructed to look at the 
location where they must hit the target rather than at the moving target itself, people have a 
harder time hitting the target (de la Malla et al., 2017). Given that humans perform this 
specific oculomotor action to maximize their performance, one might assume that human 
interception is not just commonly a visual task, but in fact necessarily a visual task. Other 
sensory modalities may not convey the spatial and temporal information necessary, or we 
may simply be unable to meaningfully incorporate the information into our motor actions. In 
this thesis we explored whether this was the case by means of a tactile interception task. 

 

1.4. Outline of the thesis 

 Much is still not known regarding the ways in which our perceptions, and the 
differences and limitations thereof, determine our actions. Of particular interest to us were 
questions regarding the precision and accuracy of vision, audition, and haptics, and how, in 
some cases, these senses work together when we perform basic motor actions. In our 
multisensory world, it can be difficult to determine exactly what sources of information 
influence a given action and to what degree; we therefore also sought to tease apart the 
influences of these different senses to understand how they individually inform us of our 
environment. This thesis comprises four diverse studies, which can broadly be said to explore 
the nature of spatial and temporal perception across the tactile, proprioceptive, visual, and 
auditory sensory modalities. The thesis will be arranged in such a way as to first discuss spatial 
perception, move on to temporal perception, and finish with a discussion of an interception 
task, which requires both spatial and temporal information. 

 Spatial perception is quintessential to our ability to navigate in, and interact with our 
environment. Whether reaching for a cup of tea, shaking someone’s hand, or scratching an 
itch on our back, we need access to information both about the location of the target stimulus 
and about that of our own body. For most people, these kinds of abilities come naturally and 
are already easy to execute from a young age. However, as mentioned earlier, our sense of 
space relies on a combination of both egocentric and allocentric reference frames. For people 
who were born blind or who became blind later in life, an allocentric reference frame may 
not be as developed, or indeed even as useful in terms of orienting oneself relative to the 
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portion of the environment within physical reach of the body. Given that even normally 
sighted individuals make spatial miscalculations when deprived of their sense of sight, we 
wondered whether these miscalculations would be more pronounced in people who have 
never seen their environment, or whose sense of vision was lost at some point in their lives. 
Chapter 2 explores the effect of experience of visual information on one’s spatial perception 
and ability to execute simple actions within the space directly in front of their own body. In 
collaboration with researchers at Utrecht University and the Italian Institute of Technology, 
we tested whether blindfolded sighted adults would perform differently from people who 
were born blind and/or people who became blind later in life in a line drawing task. If such a 
difference in performance were to occur, it would mean that years of visual input lead to a 
gradual buildup of experience that meaningfully affects how we interact with the space 
around us, even if we currently cannot see. As we found no differences in performance 
between our early-blind, late-blind, and sighted participants, we concluded that the spatial 
motor skills required for our task actually develop independently from vision and do not 
benefit from past visual experience. 

 Our sense of time is also inherently dependent on our perception of the world around 
us. Generally speaking, events are multisensory in nature, meaning there is more than one 
source of information (e.g. vision and audition) that we can rely on to determine exactly when 
something occurred. Given the multisensory nature of most stimuli in our daily lives, it can be 
difficult to determine whether our perception is substantially dominated by one particular 
sense. One of the many differences between our various sensory modalities is the degree of 
temporal precision of the information available to the brain. Just as senses like vision and 
touch provide far more acute information about the location of a given stimulus than our 
senses of smell or taste could do, our ability to time a given stimulus also varies across sensory 
modalities. For sources within our reach, the time it takes for the stimuli (light and sound) to 
reach our body is nearly identical, but this does not necessarily mean that we can determine 
that exact moment with equal precision. Previous research has shown that auditory stimuli 
can be detected with greater temporal precision than visual stimuli (see, for example, Sugano 
et al., 2010), but the role of motor actions in timing is less well understood. As mentioned 
previously, people are able to achieve extremely high temporal precision when executing 
certain motor actions, but the nature of this enhanced temporal precision and how it relates 
to the precision of vision and audition is not yet fully understood. Chapter 3 explores how 
well we perceive the timing of our own motor actions and of external events. In this study we 
demonstrate that the act of moving actually improves one’s ability to determine the temporal 
order of two brief events. 

Chapter 4 considers our ability to maintain a rhythm by tapping our finger. When 
tapping along with a guide rhythm (such as a metronome), people tend to tap a bit too early 
on average. They are, however, quite consistent in their performance. To date, most studies 
consider only one sensory modality (typically auditory) for the guide, and in cases where an 
explicit feedback stimulus is provided, it generally occurs in the same modality as the guide. 
It should be noted that as we also receive tactile and proprioceptive information about our 
actions and their influence on the world, haptic feedback is nearly always present in rhythmic 
tapping studies, or indeed any study wherein a participant performs a motor action. While 
rhythmic tapping paradigms are often thought of in terms of music and are therefore 
primarily auditory in nature, there are reasons one might want to consider a cross-sensory 
experimental paradigm. Dancers, for example, often practice their routines in front of a 
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mirror, in which case they receive visual (and haptic) feedback about the timing of their own 
movements in relation to the music they are attempting to follow. Members of a choir or 
orchestra rely on the visual signals of a conductor to remain on beat, with the added challenge 
that their fellow performers will also inevitably be off beat sometimes and may disrupt each 
other. From these examples we can easily conclude that it should be possible to perform 
cross-modality sensorimotor synchronization actions, but of course the precision with which 
we can do this, and our temporal sensitivity to these different sensory modalities, remains to 
be seen. To investigate this, we devised a study wherein participants tapped along with a 
guide rhythm (either a flash or a beep) and also received sensory feedback (again, either a 
flash or a beep) regarding the timing of each of their taps. We subtly altered the timing of the 
feedback they received such that it could arrive slightly too early or too late relative to the 
tap, in order to see how this small perturbation would affect our participants’ ability to tap in 
synchrony with the guide. We found that when the modality of the guide and feedback differ 
from one another, people’s ability to synchronize with the guide decreases, and their tap 
times can even be influenced by the relative offset of the most recent feedback stimuli. 

The thesis ends with a discussion on interception. While interception in humans is 
typically thought of as a visuomotor task (that is, we see the moving target we want to 
intercept), little prior work has been done to explore whether the necessary information must 
come from the visual system in order to successfully intercept a target. Ecologically speaking, 
it may make the most sense to design a visual interception task, as the vast majority of human 
interception is performed using visual information. After all, our sense of vision is far better 
suited than our other senses for purposes of locating and detecting distant, fast-moving 
objects. Objects that are stationary or within our reach for longer periods of time typically do 
not warrant an interception motion when we could more easily grasp for them at our leisure. 
However, the fact that a task does not have obvious ecological validity does not mean it is not 
worth considering. If interception in humans is so often visual, one could imagine that our 
ability to intercept is also limited to targets in the visual domain, and that attempts to 
intercept a target based on another sensory modality would be utterly hopeless. However, if 
we are indeed capable of performing this task, it would mean that the neural mechanisms 
involved in calculating target trajectory are independent from the visual system. Chapter 5 
discusses a collaboration with the Italian Institute of Technology, wherein we blindfolded 
participants and examined their sense of the position and velocity of an object touching their 
left arm. We then had the participants use their right index finger to tap the object as it moved 
along the arm. We found that people’s performance in the so-called ‘position’ and ‘velocity’ 
experiments could be used to predict performance in the ‘interception’ experiment, and that 
this performance could be modelled in a way similar to that in a visual interception task. 
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Abstract 

It has been proposed that haptic spatial perception depends on one’s visual abilities. 
We tested spatial perception in the workspace using a combination of haptic matching and 
line drawing tasks. There were 132 participants with varying degrees of visual ability ranging 
from congenitally blind to normally sighted. Each participant was blindfolded and asked to 
match a haptic target position felt under a table with their non-dominant hand using a pen in 
their dominant hand. Once the pen was in position on the tabletop, they had to draw a line 
of equal length to a previously felt reference object by moving the pen laterally. We used 
targets at three different locations in order to evaluate whether different starting positions 
relative to the body give rise to different matching errors, drawn line lengths, or drawn line 
angles. We found no influence of visual ability on matching error, drawn line length or line 
angle, but we found that early-blind participants are slightly less consistent in their matching 
errors across space. We conclude that the elementary haptic abilities tested in these tasks do 
not depend on visual experience. 

  



 15 

 

2.1 Introduction 

The environment is filled with rich, multisensory stimuli. In humans, the visual system 
plays a crucial role in information processing, especially at distances that cannot be physically 
reached. For nearby stimuli, touch and proprioception help to form a complete picture of the 
world. Visual information plays an important role in the development of various spatial 
abilities, as it provides information about the position and arrangement of the surrounding 
environment that the nervous system would not otherwise necessarily have access to. 

 

2.1.1. Effects of early-blindness 

Several studies suggest that the brain may respond to visual deprivation by improving 
the sensitivity of the remaining sensory systems. Early-blind individuals show enhanced skills 
for some auditory tasks such as localization of a single sound on the horizontal plane (Lessard 
et al., 1998; Röder et al., 1999; Voss et al., 2004). Early-blind individuals have also been shown 
to have lower spatial thresholds for tactile discrimination of stimuli (Brown & Stratton, 1925; 
B. Jones, 1972), contrary to an earlier report (Seashore & Ling, 1918). Postma et al. (2007) 
found that early-blind and late-blind adults were significantly faster than blindfolded sighted 
adults at placing wooden shapes into a board with corresponding cutouts, as well as in placing 
the same shapes in the correct positions on a flat surface from memory. However, some 
studies did not find superior performance in haptics due to absence of vision. Jones and Vierck 
(1973) did not find a difference in threshold between blind and sighted individuals in 
detecting which of two stimuli pressed against their arm was longer. Gori et al. (2010) found 
that visually impaired children (one late-blind and the rest early-blind) were slightly better 
than sighted children at tactile object size discrimination, but that they were drastically worse 
at object orientation discrimination, perhaps suggesting that orientation perception relies 
more heavily on the visual system.  

On the other hand, blind individuals unsurprisingly suffer from deficits in a number of 
skills ranging from auditory and spatial localization to navigation (see Cuturi et al. (2016) for 
a review on this topic). Recent studies show that early blind individuals fail in localizing sounds 
under particular auditory settings (Gori et al., 2010; Vercillo et al., 2015). Hollins and Kelley  
(1988) observed an interesting discrepancy between early-blind adults’ ability to point to an 
object on a table after having walked partway around the table, and their ability to place the 
object in its original position after having walked around the table; whereas blindfolded 
sighted people performed well in both of these tasks, early-blind adults performed well at 
replacement but not at pointing. It has also been shown that while early-blind and blindfolded 
sighted adults are both better at remembering symmetrical configurations of blocks on a 
table than at remembering asymmetrical ones, the early-blind group was worse at 
remembering vertically symmetrical configurations than horizontal ones (Cattaneo et al., 
2010). The authors proposed that the blindfolded-sighted adults were able to benefit from 
enhanced attention to vertical symmetry granted by the visual system. 

In some cases, it does not appear to matter when a person first became blind in order 
to have reduced performance at a skill. Gentaz and Hatwell (1998) observed no differences 
between early-blind and late-blind adults in their ability to match the orientation of a rod to 
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that of a reference rod, but concluded that their reliance on gravitational cues for information 
differed from that of sighted participants (Gentaz & Hatwell, 1996). 

 

2.1.2. Haptic space perception 

When describing locations of objects, people can rely on two kinds of frames of 
reference. Using an egocentric reference frame, one might describe objects as “one meter to 
my left” or as “ten degrees to my right”. Using an allocentric reference frame one relies on 
external references, such as “one meter to the left of the laptop” or “below the table”. To 
manipulate an object, one needs to know its egocentric location, but when remembering or 
describing its position it can be more useful to rely on the allocentric location because it does 
not depend on one’s own spatial orientation. There is evidence that eye-centered coordinates 
are fundamental for the association of sensory signals (Cohen & Andersen, 2002; Jay & Sparks, 
1987; Pouget et al., 2002), and the visual modality might offer a spatial background for 
remapping sensory information to obtain stable externally defined coordinates when one’s 
spatial orientation (including that of the eyes) changes. When the visual signal is missing, such 
spatial remapping may not occur. In agreement with this idea, congenitally blind individuals 
are not subject to the “crossed hand illusion” (Röder et al., 2004), presumably because they 
do not have the perceptual conflict with an externally anchored reference system for tactile 
stimuli. There is also experimental evidence that congenitally blind individuals do not remap 
auditory stimuli onto externally defined coordinates (Röder et al., 2007). It has been 
suggested that it is specifically early-blind people whose spatial experience of the world 
depends largely on egocentric reference frames rather than allocentric reference frames 
(Iachini et al., 2014; Pasqualotto et al., 2013). Therefore, one might generally expect the early-
blind to rely more on egocentric reference frames for judging spatial relations. 

It has been shown that two bars on a tabletop that are felt to be parallel can actually 
have dramatically different angles from one another, and that this difference scales almost 
linearly with the angular distance between them (Kappers, 2003; Kappers & Koenderink, 
1999). The researchers concluded that participants’ perception of haptic space relied on a 
combination of allocentric and egocentric reference frames, the latter of which was centered 
on the hand. We expect that similar deviations will be found for drawing lines in a specified 
direction. 

Using a similar parallel-bars paradigm, Postma et al. (2008) showed that when 
instructed to wait ten seconds between exploring a reference bar and rotating a test bar, 
early blind participants relied more on an egocentric reference frame than late-blind and 
blindfolded sighted adults. Based on this increased reliance on an egocentric reference frame, 
we expect early-blind adults who are instructed to draw straight fronto-parallel lines starting 
at different distances from the body midline to draw lines with more strongly deviating angles 
than sighted people. Similarly, when instructed to draw lines of a given length at different 
distances from the body, early-blind adults’ drawn lines may be longer at larger distances 
from the body due to relying more heavily on an egocentric reference frame, at least if such 
a reference frame is in polar coordinates (direction and distance). 

Kuling et al. (2016) have shown that sighted adults are not always accurate at placing 
their hand on a table above the location of their other, unseen hand under the table. Kuling 
et al. (2014) showed that matching a target using a handheld pointing tool does not result in 
differences in magnitude or variability of error compared to using one’s own fingertip in a 
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visuo-proprioceptive matching task. Furthermore, while it has been shown that using 
proprioception alone in a matching task is less effective than combining sight and 
proprioception (van Beers et al., 1999), it also remains to be tested whether early-blind 
adults’ proprioceptive accuracy and precision in a position matching task are worse than that 
of blindfolded sighted adults. We speculate that this matching error is already ameliorated by 
way of the visual system, and that early-blind adults may show greater matching errors than 
blindfolded sighted adults due to a lack of visual experience. 

 

2.2. Methods  

2.2.1. Participants 

All participants in the experiment (n=132, mean age 48.5 years, SD = 17.0, 22 left-
handed, 86 females) were attendees of the “ZieZo Beurs”, a convention for blind and visually 
impaired people, who visited the Utrecht University booth that was set up for the event. All 
participants were naïve to the purpose of the experiment, with the exception of one 
participant with normal vision who was also an author. Participants were given an explanation 
of the task and were asked for their informed consent. Once verbal consent was given, they 
were asked several general questions about their vision, age and handedness. 

For the analyses, the participants were grouped based on level of vision. The five 
groups were referred to as early-blind, late-blind, low vision, high vision, and sighted. Early-
blind participants were all born completely blind and have never experienced any level of 
vision. Late-blind participants all became completely blind either due to a congenital 
condition leading to gradual loss of vision or due to an accident. The age of total vision loss in 
the late-blind group ranged from 2 to 47 years. Participants in the low vision group reported 
having some degree of visual perception, but no more than 10% in either eye. Participants in 
the high vision group reported having more than 10%, but no more than 80% vision in either 
eye. Participants in the sighted group reported having normal or corrected-to-normal vision. 
Level of vision was determined by self-report. The low vision and high vision groups consisted 
of participants who possessed congenital visual deficits as well as deficits acquired later in life 
by various means. 

Due to the nature of the convention, participants were not actively matched between 
groups, and it was not possible to perform an in-depth intake session with each participant. 
We therefore lacked information regarding our participants’ specific visual capacities, as well 
as haptic processing abilities such as the ability to read braille, which could potentially have 
an impact on their ability to perform the tasks described here. Details of the participant 
groups can be found in Table 2.1. 
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Group  n Age (mean ± SD) Left-handed Female 

Early-blind 7 43 ± 17 1 5 

Late-blind 9 64 ± 11 2 5 

Low vision 30 51 ± 12 8 15 

High vision 31 55 ± 17 6 18 

Sighted 55 42 ± 18 5 43 

Total 132 49 ± 17 22 86 

Table 2.1: Group-level characteristics of participants. 

 

2.2.2. Experimental set-up & procedure 

The set-up consisted of a 100 cm x 65 cm wooden board on which flip chart paper 
sheets could be mounted. The board rested on two supporting trestles, resulting in a table 
(Fig. 1). Four metal washers were placed under the board as haptic targets for the non-
dominant hand. The washers had a diameter of 3 cm with a 1 cm gap in the middle, such that 
participants could comfortably guide their fingertip to the center of the washer. Two of these 
washers were placed along the center of the board, at 15 and 35 cm away from the long edge 
(henceforth referred to as the near and far targets, respectively). The remaining two washers 
were placed 20 cm to the right and 26.6 cm to the left of the near target, respectively 
(henceforth referred to as the side targets). The different lateral distances of the two side 
targets was an error that we compensated for in the analysis. The right side target was only 
used by right-handed participants, and the left side target only by left-handed participants. 
An aluminum bar of 10 x 1 x 1 cm served as a reference object, which participants held briefly 
at the beginning of the experiment. 
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Participants sat in a chair in front of the setup and were blindfolded. The participants 
sat such that their mid-sagittal body plane was aligned with the near and far haptic targets. 
The task was explained, and participants were invited to explore the table with their hands to 
get a feel for the positions of the haptic targets. Participants were asked to confirm that they 
could reach all three targets before continuing. The experimenter handed the reference 
object to the participants and instructed them to get a feel for the length of the object. 
Participants were allowed to hold it for several seconds in their dominant hand and 
manipulate it. They were not allowed to set it down on the table, run their finger along the 
length of it, or touch it with their non-dominant hand. Most participants held the object 
between their thumb and pinkie finger to get a feel for the object’s length; they were not 
restricted to holding it in in their palm. The experimenter explained that the participants’ task 
would be to draw lines of this length. The experimenter took the reference object back once 
the participants said they had an idea of the length (typically after five to ten seconds) and 
confirmed that they understood the task. 

The experimenter then placed an ink marker in the participants’ dominant hand and 
guided the index finger of their non-dominant hand toward one of the three haptic targets. 

Figure 2.1: Top view of a participant at the experimental table. The 

haptic targets, placed under the table, are indicated by red rings, 

contacted by the index finger of the non-dominant hand. The 

dominant hand was holding a pen above the table. Target size is 

misrepresented here for the sake of visibility.  
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Participants were asked to use the marker to indicate on the paper where their non-dominant 
hand was placed, and from this point draw a line with the same length as the reference object. 
Three targets were used: the near and far targets, as well as the side target that corresponded 
with their dominant hand. Right-handed participants were asked to draw all lines from left to 
right, and left-handed participants were asked to draw all lines from right to left. All 
participants thus drew three such lines, one from each of the three targets in a randomized 
order, without any practice or familiarization. Because we did not know in advance how many 
participants we would be able to recruit, we did not counterbalance the order of the targets 
across participants. After a participant was finished, the sheet of paper was removed, and a 
fresh sheet was placed on top of the setup for the next participant. 

 

2.2.3. Analysis 

For each participant and each target, we determined the position of the dot at the 
start of the line, the matching error (i.e. the two-dimensional vector between the haptic 
target and the dot at the start of the line), the length of the drawn line (i.e. the shortest 
distance between the start and the end of the drawn line) and the angle of the drawn line 
relative to the coronal plane. For each of our analyses, we examined whether the early-blind 
performed differently than the sighted group. We used one-tailed independent samples t-
tests to do so, as we expected early-blind participants to show greater matching errors, length 
ratios between near and far target lines, and angular differences between near and side 
target lines than sighted participants. In cases where a significant difference was found, we 
also performed one-tailed t-tests to determine whether the early-blind group differed from 
the other groups. 

 

In this paper, four questions are investigated: 

1) Do early-blind participants show greater matching errors than sighted participants? 
2) Do early-blind participants show less matching error consistency than sighted 

participants? 
3) Do participants draw longer lines from far targets than from near targets and is this 

difference larger for early-blind than for sighted participants? 
4) Do participants draw differently oriented lines from the near and side targets and is 

the angular difference larger for early-blind participants than for sighted participants? 
 

2.2.3.1.  Matching errors 

We first analyzed the magnitude of the matching errors of each participant group, 
ignoring the direction of the error. To determine whether participants’ matching errors (both 
magnitude and direction) were consistent across targets, we calculated a consistency value 
as described in previous studies (Kuling et al., 2016, 2017). The consistency value was 
determined for all three combinations of the three target positions (i.e. MEnear compared with 
MEfar, MEfar compared with MEside, and MEside compared with MEnear), after which an average 
value for each participant was calculated. In order to determine a meaningful baseline, we 
also calculated a chance consistency error by comparing every individual matching error with 
every other matching error; a value above this baseline indicates that participants are at least 
somewhat consistent in their errors across targets (Kuling et al., 2016, 2017). We analyzed 
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whether early-blind participants had significantly larger matching error magnitudes and lower 
consistency values than sighted participants. 

 

2.2.3.2. Line analysis 

For the comparison of the drawn lines, we looked at drawn line lengths starting from 
the near and far targets, as well as drawn line angles starting from the near and side targets. 
For the lengths, we analyzed whether the ratio of the far target line length to the near target 
line length was larger than 1, and whether it was larger for the early-blind than for the sighted 
participants. For the angle, we examined whether the angular differences between drawn 
lines at the near and side targets were greater for early-blind participants than for sighted 
participants. To correct for the difference in relative position of the left and right side targets, 
we multiplied left-handed participants’ values by 20 cm / 26.6 cm, as it is known that the 
angle at which a line is felt as fronto-parallel scales linearly with distance from the body 
midline (Kappers, 2002). 

 

2.3. Results 

The data of three participants (two low vision, one sighted) were completely excluded 
from the analysis because they drew lines from arbitrary starting points and reported that 
they did not realize they needed to match the haptic targets or pay attention to the reference 
object length. Data from a further ten participants (three late-blind, two low vision, three high 
vision, two sighted) were excluded from analyses of the drawn lines, but not from that of the 
matching task, due to the participants drawing one or more lines in the wrong direction or, in 
two cases, starting their drawn lines from somewhere other than the (correctly located) 
haptic targets. 

The raw data of an example representative participant (Figure 2.2) show matching 
errors that are quite consistent over the three targets: the drawn lines all started about 3 cm 
from the target position (further away and a bit to the left). Furthermore, the lengths of this 
participant’s drawn lines are about 6 cm, considerably shorter than that of the 10 cm 
reference object. The line drawn from the side target is rotated a few degrees clockwise 
relative to the one drawn from the near target. 
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The individual matching errors for right-handed participants show quite some 
variability, but there was no evident difference between groups (Figure 2.3a). We focus our 
analysis on the magnitudes of the matching errors (Figure 2.3b). We found that early-blind 
participants did not have greater mismatch magnitudes than sighted participants (one-tailed 
independent samples t-test; t(59) = -0.184; p = 0.573).  

 

 

Figure 2.2: Example experiment sheet from a 20-year-old right-handed 

male in the sighted group with representative performance. Black dots 

indicate the location of the haptic targets under the table, and the 

reference object is displayed above the near target for comparison. The 

target dots and reference object were not present on the paper during 

the experiment. The grid squares have 2.5 cm sides. 
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The consistency of the early-blind participants’ errors across target positions is close 
to chance level, whereas the other groups show more consistency (Figure 2.4). Early-blind 
participants showed a significantly lower consistency value than sighted participants (one-
tailed independent samples t-test; t(59) = 2.264; p = 0.013). The early blind also showed a 
significantly lower consistency value than the other three groups (late-blind: t(14) = 1.189, p 
= 0.040; low vision: t(33) = 1.183, p = 0.038; high vision: t(36) = 2.894, p = 0.003).  

 

Figure 2.3: Matching errors. a: Matching errors of all right-handed participants. Left-

handed participants’ data are not shown here due to the positioning of the left side target. 

Target positions are denoted by large gray disks at (0,15), (0,35), and (20,15) cm. The 

large colored symbols denote mean matching errors for each group. b: magnitudes of 

matching error for all participants. Box plots show median (red line), interquartile range 

(blue box) and full range (black marks). 



 24 

 

Most participants drew lines that were considerably shorter than the 10 cm length of 
the felt object (Figure 2.5a): on average only 6.59 cm (66% of the reference object length). 
They drew lines of similar lengths at the different distances: the average ratio of the far and 
near line lengths was 1.08 (Figure 2.5b). Early blind participants’ line length ratios were not 
significantly larger than those of sighted participants (one-tailed independent samples t-test, 
t(57) = 1.50, p = 0.07). Furthermore, neither early-blind nor sighted participants’ line length 
ratios were significantly larger than 1.0 (one-tailed one sample t-test, early-blind: t(6) = 1.25, 
p = 0.13; sighted: t(51) = -0.04, p = 0.52), indicating that there was no tendency to draw lines 
of a certain angular length, rather than ones that match the reference object’s actual length. 

Lines from the side target were drawn in a systematically different direction than 
those from the near target (Figure 2.6). The 5.3° angular difference was significant across 
groups (clockwise for right-handed participants and counter-clockwise for left-handed 
participants; one-tailed paired-samples t-test, t(118) = 6.26, p < 0.001). The angular difference 
between lines drawn from the near and side targets was not significantly larger for early-blind 
than for sighted participants (one-tailed independent samples t-test, t(57) = -1.00, p = 0.84). 
These findings indicate that while most participants draw lines at different angles when 
beginning in different directions from their body, in accordance with them relying to some 
extent on a (polar) egocentric representation, the angle was not particularly large in early-
blind participants, suggesting that the early-blind do not rely more strongly on such a 
representation. 

 

Figure 2.4: Matching error consistency values for all participants. The 

horizontal line indicates the median chance consistency value, 0.207. For 

an explanation of the calculated consistency values, see (Kuling et al., 

2016; Kuling et al., 2017). 
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Figure 2.5: Length reproduction. a: Comparison of drawn line lengths from the near and far 

targets for all participants. The dashed line indicates unity, and the gray dot indicates perfect 

reproduction of line length from both near and far targets (10 cm). b: Box-plot of length ratios 

between the lines drawn from the far and near targets. 

 

 

 

Figure 2.6: Difference in angle between near and side target 

lines for all participants. A positive value indicates a more 

clockwise orientation for a more rightward target position. 

Left-handed participant data has been normalized to correspond 

to a 20 cm difference between the near and side targets. 
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2.4. Discussion  

We did not observe the differences that we anticipated between early-blind and 
blindfolded sighted participants. Both early-blind and sighted participants drew lines that are 
much shorter than the felt bar and were drawn at angles that similarly depended on 
eccentricity. As these effects were similar across groups, they can better be attributed to a 
general property of haptic perception than to an effect that depends on visual experience. 
The sizes of our participant groups were relatively small, so we may have failed to detect small 
but real effects. Our interest was in clear-cut effects of lack of visual experience, for which we 
investigated differences between early-blind and sighted participants. The expected 
systematic effects of lack of visual experience were not evident in our sample. 

We are not aware of a theory that makes specific predictions for how the performance 
in our task would depend on details of the impairment such as the age of onset of blindness. 
Given the time-constraints inherent to data-collection at a convention, we did not collect data 
on the precise history of our participants’ visual impairments. Therefore, we cannot perform 
any exploratory analysis on this. Similarly, we did not intend to investigate biases caused by 
other factors than being blind, so we did not examine whether participant height, hand size, 
or arm length played a role in task performance. 

 

2.4.1. Matching errors 

We observed average matching errors of three centimeters, which is in line with 
previous reports (Haggard et al., 2000; Kuling et al., 2016; von Hofsten & Rösblad, 1988). What 
is particularly interesting about this is that participants who have never experienced vision 
are just as accurate at matching their hand positions as blindfolded sighted participants, 
indicating that vision does not play a role, even indirectly, in this task. The low consistency 
value in early-blind participants (Figure 2.4) is remarkable. While the actual size of the 
matching error is well in line with that of other groups (Figure 2.3b), this error was not 
consistent across target positions in the early-blind participants, in contrast to the other 
groups. It is possible that growing up with visual input plays a role in developing this 
consistency, which early-blind people would therefore lack. However, given that the observed 
range of consistency values among early-blind participants falls within that of nearly all other 
groups, and given that the early-blind group consisted of only seven participants, it is not clear 
whether this difference is indicative of an actual matching deficit in early-blind individuals, or 
is simply due to chance. 

 

2.4.2. Length reproduction 

It is worth pointing out that our participants fall well short of the desired length when 
drawing lines, regardless of level of visual experience or starting position of the line (Figure 
2.5a). This appears to be in contrast with the findings of Hermelin and O’Connor (1975), who 
observed that when congenitally blind and blindfolded sighted children were asked to 
reproduce vertical movements traveled by their hand, they were accurately able to do this 
for path lengths of 10-30 centimeters. Their task relied on kinesthetic movement information 
rather than on static tactile information. Our task involves the transformation of static tactile 
information (a felt bar in one’s hand) to dynamic proprioceptive information. It is possible 
that this transformation is responsible for the systematic undershoot. They noticed a 
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difference in performance between blind and sighted participants when reproducing the 
longer movement distances (25-30 cm): the blind participants undershot these more than the 
sighted. As a hand cannot statically feel a length of 25-30 cm, this difference for longer 
movement distances cannot be tested with our paradigm of a hand-held length. 

Previous work has shown that the horizontal-vertical illusion exists in the haptic 
domain as well as the visual domain. Heller and Joyner (1993) demonstrated that early-blind 
adults show evidence for a vertical compression of haptic space, but the size of the effect was 
small compared to the undershoot that we observe in our data. As such, we do not expect 
that the lengths of our participants’ drawn lines would be substantially longer if we altered 
the orientation in which they were instructed to hold the reference object. 

During the review process it was suggested that hand size may have influenced 
participants’ perception (a smaller hand might lead to the percept of a longer bar) and thus on 
the length of the drawn lines. We did not measure hand size during the experiment, 
but analysed our data in light of gender (on average women have smaller hands). Indeed, it 
appears that women drew somewhat longer lines than men: the median line length 
(calculated over all groups) was 6.4 cm for women and 5.8 cm for men. 

Lederman, Klatzky, and Barber (1985) tested participants’ ability to reproduce a 
distance between two points by moving their index finger after traveling along an indirect 
path between the two points with that finger. They observed that early-blind participants 
tended to make larger reproductions of the distance than late-blind participants. They also 
observed an overshoot in reproduced length for all participants for lengths up to 25 cm, and 
an undershoot for greater distances. Since Lederman et al.’s participants traced a path with 
their finger while attending to the distance between the starting and ending positions, 
whereas our participants acquired length information without any tracing motion, our 
participants’ systematic undershoot of the target distance cannot be related to this 
overshoot. 

Moscatelli et al. (2014) tested whether participants could accurately reproduce 
lengths of a triangle path felt by a tactile stimulation device. Their participants could much 
more accurately reproduce the perceived displacement than our participants reproduced 
perceived length: their reported 98% accuracy is far higher than our 66% accuracy. A reason 
for this difference could be that the two experiments differed in how participants perceived 
the distances they had to reproduce. Their participants rested their index finger on a spherical 
device that rotated while the finger remained stationary on top of it, providing the tactile 
experience of moving a finger over a surface. Our participants were allowed to manipulate a 
3D reference object in their dominant hand, but they were not permitted to run a finger along 
the length of the object.  

The findings of Moscatelli et al. (2014), Lederman et al. (1985) and Hermelin and 
O’Connor (1975) all show that people are able to reproduce a given length reasonably 
accurately. In all these experiments, the participants could judge the length based on haptic 
motion information. As our participants made systematic errors and lacked this information, 
it may be necessary to have haptic motion information in order to accurately reproduce 
lengths in a drawing task. Irrespective of the reason for the distances being underestimated 
in our study, the fact that we observed no differences between early-blind and sighted 
participants in the ratio of lengths of lines drawn from the near and far targets (Figure 2.5b) 
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suggests that for this task, the early-blind do not rely more on an egocentric coordinate 
system than the sighted. 

 

 

 

2.4.3. Parallel reproduction 

Kappers (2004) demonstrated that haptic space perception relies on a combination of 
egocentric and allocentric reference frames, explaining the tendency of the angle of the test 
bar to lie somewhere between what would be considered parallel in purely allocentric or 
purely egocentric reference frames. Her experiments to map out haptic space were far more 
extensive than ours, but the differences that we see in drawn line orientation (Figure 2.6) are 
of similar magnitude to what she observes. Van Mier (2013) tested sighted adults’ ability to 
draw a line parallel to a felt but unseen bar. Despite the fact that her participants were 
allowed to see the line they were drawing, there was still an angular difference between the 
orientation of the reference bar and that of the drawn line. Although this difference is smaller 
than what she observed in her purely haptic parallelity task, it still suggests that the reference 
frame experienced by each hand is important. This similarity is particularly interesting 
because we never explicitly told our participants to draw parallel lines; we simply always 
instructed them to draw the lines “from left to right” (or from right to left, if the participant 
was left-handed). 

We observed no differences between early-blind and sighted participants in angular 
differences between the drawn lines from the near and side targets. This confirms that for 
this task, the early-blind do not rely more on an egocentric coordinate system than the 
sighted. The small but significant difference in angle between the drawn lines from the near 
and side targets can therefore be said not to rely on visual experience. Previous work has 
shown that women make substantially larger errors than men when matching the 
orientations of two haptically felt bars (Kappers, 2003). We did not observe a similar effect in 
the orientation of the drawn lines. Our female participants even showed a slightly smaller 
median angular difference than our male participants (5.0° and 5.5°, respectively).  

Postma et al. (2008) observed differences between early-blind, late-blind, and sighted 
participants in a delayed bar parallelity task. When asked to wait ten seconds between feeling 
a reference bar and setting a test bar parallel to it, blindfolded-sighted participants performed 
better than late-blind participants, who in turn performed better than early-blind 
participants. The fact that we do not observe a similar effect, despite a delay between feeling 
the reference object and drawing the lines, likely stems from the fact that we do not explicitly 
ask our participants to consider the egocentric relation of the object to the participant. 
Instead, we only asked them to consider the length of the object, regardless of orientation, 
so the angle of the participants’ drawn lines should have no relation to the angle at which 
they felt the object. 

 

2.5. Conclusion 

We expected that early-blind participants would rely more on information processed 
within an egocentric reference frame, but found no indication of this in our results. 
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2.6. Data 

All data pertaining to this study, both analog and digital, are freely available for review. 
Interested parties are invited to contact the first author for specific questions or access to the 
data and materials. 
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How well do we know when we act? 
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Abstract 

People can intercept moving objects with a much better temporal precision than that 
with which they can judge the relative timing of two external events. Is this because they are 
better at judging the timing of their own actions than at judging when external events 
happened? We developed a method to reliably present stimuli at various moments within 
50ms of when participants tapped on a surface. Participants then tapped and judged whether 
a flash or a beep occurred before or after their tap. We also presented a flash within 50ms of 
a beep and asked participants to judge which was presented first. Participants detected 
whether the beep was before or after the tap reasonably precisely (standard deviation of 
about 70ms). Their precision was lower for the flash (about 170ms). They were very poor at 
judging whether a flash occurred before or after a beep, much poorer than one would expect 
from their precision in comparing the timing of a presented stimulus to that of a tap. Our 
results cannot be explained by a combination of three independent judgments of time, one 
each for the flash, beep, and tap. This poses a fundamental problem for explaining the 
precision of interception. 
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3.1. Introduction 

Actions such as hitting a baseball can only be successful if they are timed to an external 
stimulus (the ball’s motion) with high precision. Such actions can be timed to within 6 ms (Eli 
Brenner et al., 2012), which is as precise as the timing of different aspects of the movement 
in dart throwing (Smeets et al., 2002) or of the two hands in synchronous tapping (Doumas 
et al., 2008). Judgments of the relative timing of two events that are not related to one’s own 
actions are generally very much poorer (Brenner & Smeets, 2010; Matthews et al., 2016; Virsu 
et al., 2008). In simple interception tasks the action is not always timed to within 6 ms, 
because it is influenced by many factors (Eli Brenner & Smeets, 2015). Importantly, when 
asked to make judgments about the timing of their performance on a slightly less precisely 
timed interceptive action, the judgments were more precise than the performance. In that 
study the judgments had a temporal precision (when we mention a value for precision we are 
always referring to a standard deviations) of less than 15 ms (de la Malla, López-Moliner, & 
Brenner, 2012). Does this mean that people are particularly good at judging timing with 
respect to their own actions? Is this because they are extremely good at judging when they 
acted?  

An essential component in the precise timing of motor tasks is adjusting one’s 
movement to the continuous stream of visual information, both about the target and about 
one’s own hand (Eli Brenner & Smeets, 2018). In this way, the hand’s position can 
continuously be adjusted to judgments of a target’s motion to ensure successful interception 
(Eli Brenner & Smeets, 2015). In other timing tasks, such as tapping rhythmically, such 
continuous information about the ‘target’ is absent. Indeed, when producing a single tap in 
synchrony with a rhythmic stimulus, the precision is worse than 30 ms (Bartlett & Bartlett, 
1959). In this case additional variability is presumably introduced by having to judge the 
rhythm itself and having to judge the time that elapsed since the last component of the 
rhythm (Doumas et al., 2008; for reviews see Repp, 2005 and Repp & Su, 2013). The goal of 
the current study was to determine how well we can judge when external events occurred 
with respect to a simple action. Is it close to the 6 ms mentioned above, or can such high 
precision only be achieved through continuous adjustments?  

One way to evaluate timing precision is to ask participants to judge the temporal order 
of two events. One can for instance ask participants to tap on a surface, present a short visual 
stimulus (flash) around the time of the tap, and ask the participants whether the tap occurred 
before or after the flash. One can do so for various values of the tap-flash asynchrony, and 
use this to determine the precision of judging temporal synchrony for this particular task. The 
value that one obtains represents a combination of the precision of judging the moment of 
the tap (𝜎𝑇) and the precision of judging when the flash occurred (𝜎𝐹). Assuming that these 
are the only relevant factors and that they are independent, precision on this task (𝜎𝐹𝑇) will 
be given by:  

   𝜎𝐹𝑇
2 = 𝜎𝐹

2+𝜎𝑇
2     (1) 

If one repeats the experiment, but now presents an auditory stimulus (beep) instead of a 
visual one (the flash), one can express the precision in terms of the precision of the tap and 
that of the beep (𝜎𝐵): 

𝜎𝐵𝑇
2 = 𝜎𝐵

2 + 𝜎𝑇
2    (2) 
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In order to get an estimate for the precision of the perceived timing of the flash and the beep, 
we can also perform an experiment in which we present the flash and the beep, and 
participants have to judge which one was presented first. The precision in this task is given 
by:  

𝜎𝐵𝐹
2 = 𝜎𝐵

2 + 𝜎𝐹
2    (3) 

Combining these three equations yields a value for the precision of perceiving the moment of 
one’s tap: 

𝜎𝑇 = √𝜎𝐹𝑇
2 +𝜎𝐵𝑇

2 −𝜎𝐵𝐹
2

2
    (4) 

It is known that the precision in timing judgments differs between participants and depends 
on the exact parameters of the stimulus and on other conditions (Eagleman, 2008; Sowiński 
& Dalla Bella, 2013). We therefore let each participant perform all three tasks using the same 
range of temporal asynchronies (conditions). 

Despite the many studies examining judgments of temporal synchrony between 
auditory, visual, and tactile stimuli, very few studies have examined the precision with which 
people can estimate the moment of their own motor action in relation to an auditory or visual 
stimulus (Rohde & Ernst, 2013; Sugano et al., 2010; Vercillo et al., 2017). These studies were 
directed at studying adjustments to temporal offsets rather than at studying precision. In the 
present study, we devised a method to reliably present stimuli before or after a participant’s 
finger tap (as in Rohde & Ernst, 2013) and explored the precision with which they could 
determine the temporal order of these stimuli.  

3.2. Methods 

3.2.1. Participants 

Sixteen participants took part in the experiment. All participants provided their 
written informed consent before the start of the experiment and after all questions had been 
answered. For two of these participants, the initial data we obtained were unusable due to 
unnoticed technical difficulties. Given that no information had to be withheld from the 
participants, we let them take part a second time. Three participants’ data were excluded 
because the participants were unable to keep their finger steady enough for our method to 
reliably present the stimuli. Another two participants were excluded from analysis because 
they did not follow instructions during the experiment, and a final two opted to end the 
experiment early. This resulted in a total of nine usable participant datasets.  

3.2.2. Setup 

Participants sat at a table in a dimly lit room and rested their right hand on a wooden 
platform. They held their left hand on a laptop keyboard. An infrared marker was attached to 
the nail of the participants’ right index finger. The position of this marker was recorded using 
an Optotrak 3020 movement registration system (NDI, Waterloo, Ontario, Canada) at 500 Hz. 
A cover prevented participants from seeing their hand (Figure 3.1). They were instructed to 
fixate on a green LED which was placed on the cover above the hand and delivered the visual 
stimulus (a 50 ms flash). Participants wore headphones for delivery of the auditory stimulus 
(a 50 ms 2100 Hz tone, henceforth referred to as a beep). A second LED was placed out of 
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sight of the participant. This LED flashed (50 ms) whenever our experimental software 
assumed the participant tapped their finger (see below).  

The experiment was managed using PsychToolbox version 3.0.12 (Brainard, 1997; 
Pelli, 1997). The LEDs were operated and powered using a LabJack U3-LV (LabJack 
Corporation, Lakewood, Colorado, USA) and a custom Matlab LabJack toolbox (available at 
https://preview.tinyurl.com/y65nqahe). Voltages of the LED and headphones were recorded 
using an Optotrak Data Acquisition Unit (ODAU). This allowed us to determine the precise 
timing of the visual and auditory stimuli in relation to the position of the finger. 

 

3.2.3. Conditions and Procedure 

Our aim was to determine the temporal precision of judging when the auditory, visual 
and motor events had occurred. We consider the onset of the beep, the onset of the flash, 
and the moment the finger first touches the surface as the moments of the auditory, visual 
and motor events. If the timing judgments are independent of each other, and comparisons 
only depend on the precision of the judgments involved, one can determine the precision of 
all three events by testing three comparisons: flash-tap, beep-tap, and beep-flash. We did so 
using a temporal order judgment task with the method of constant stimuli.  

Presentations of the flash and the beep could be timed perfectly relative to each other 
at each asynchrony. Since the taps were generated by the participant, the time of the tap had 
to be predicted in order to present the flash or beep at the planned asynchrony. We did so 
on the basis of the movement of the finger, by performing a cubic fit in real-time to the most 
recent 70 ms of finger data. During the experiment, the height of the finger was constantly 
monitored and the cubic fit was performed to extrapolate the finger position and estimate 

Figure 3.1.  Experimental setup. Room and laptop screen are well lit for clarity. Participants 

placed their hand inside the pipe on the right. The green LED atop the pipe (the LED on the 

right within the area indicated by the green circle; the other, red LED was not used in this 

study) provided the visual stimuli. 

https://preview.tinyurl.com/y65nqahe
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how far in the future the finger would reach the platform. Once the prediction returned a 
value of no more than 50 ms, we used that time as the predicted moment of the tap, and 
delivered the beep or flash relative to that moment. Since we predicted the time of the tap 
about 50 ms before it actually happened, we presented asynchronies in a range of ±50 ms.  

Participants took part in two sessions on different days. During the first session, they 
were first briefly trained on each of the three tasks (flash-tap, beep-tap, and flash-beep). 
During the training, each task was presented in a separate block of presentations. The bocks 
were presented in random order. The asynchrony between the two stimuli was set to its 
extreme, so there were only two options: +50 ms or -50 ms. In blocks involving taps, 
participants tapped their right index finger once and were presented with a single flash or 
beep. After each tap-stimulus pair, participants indicated whether the stimulus came before 
or after the tap by pressing 1 or 2 on a laptop keyboard with their left hand. In the flash-beep 
task, participants were presented with both a flash and a beep. They then indicated on the 
keyboard whether the flash or beep came first, again by pressing 1 or 2. Each block of the 
training session consisted of 50 stimulus pair presentations. Before, during, and after the 
training, participants were free to ask any questions about the experiment. 

After the training was completed, participants were confronted with longer blocks of 
presentations for each of the three tasks, again in random order. For each task there were 11 
conditions, that only differed in the chosen asynchrony between the stimuli (values between 
-50 and 50 ms in 10 ms increments). For each task there were a total of 275 stimulus pair 
presentations (25 presentations per condition). The second day was identical to the first, 
except that the training was omitted, and the participants completed the three blocks in the 
opposite order. At the completion of the experiment on the second day, any further 
participant questions were addressed. 

3.2.4. Analysis 

Tap times were determined from three sources of information (Schot et al., 2010): the 
position (height) of the finger had to be close to zero, the velocity had to be negative 
(downward), and the acceleration had to be positive and at a peak. The times of the onset of 
the flash and the beep were determined from the voltages that we recorded. We combined 
the data of the two sessions for each participant and analyzed the data per task. In order to 
determine the precision with which participants could correctly determine the order of 
stimulus events, we fit a cumulative Gaussian to the data using Matlab 2015b and the psignifit 
toolbox (Schütt et al., 2016). We used a maximum pool length of 0.1 ms, lapse and guess rates 
of zero, and a stimulus range of -1000 to 1000 ms. For the tasks involving taps, we used the 
actual asynchrony of each trial, regardless of the condition. Our main interest was in the 
precision as given by the standard deviation determined by psignifit.  

 

3.3. Results 

Our tap predictor worked well. The predicted tap time was slightly earlier than the 
actual tap time (median 4 ms), with a median standard deviation of 12 ms. The participants’ 
precision in judging the temporal order of the stimuli (as determined with individual 
psychometric fits) varied considerably across tasks and participants (Figure 3.2D). In order to 
obtain an indication of the performance in each task, we plotted overall mean values for each 
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condition together with cumulative Gaussian curves based on the median point of subjective 
equality (-17, -8, and -44 ms) and precision (166, 68, and 521 ms) for the flash-tap, beep-tap, 
and beep-flash tasks (Figure 3.2A-C).  

As our main interest was precision, we plotted its value for each participant in each of 
the three tasks (Figure 3.2D). The values for the beep-flash task were unexpectedly large for 
most participants. As our conditions ranged between -50 and 50 ms, it is difficult to interpret 
values that exceed 300 ms (three times the size of the range of our stimulus asynchronies), 
but it is clear that most of the values for the beep-flash task are much larger than the values 
for the other tasks. Based on equation (4), we can predict a maximal value for 𝜎𝐵𝐹  (poorest 
possible precision) by assuming that the value of 𝜎𝑇  is negligible (we use 𝜎𝑇 = 0). These 
values are shown by the open symbols in Figure 3.2D (BF0). The median of these predicted 
poorest possible precision values is 178 ms. For all except two participants, the predicted 
poorest precision is far better than the actual observed precision in the beep-flash task. 

 

 

 

Figure 3.2. Results (A-C) Overall total fraction of responses that corresponded with what we 

considered to be a positive asynchrony for each condition of the three tasks. We considered the 

asynchrony to be positive if the event that is mentioned first in the name of the task occurred first. The 

points indicate the overall mean across participants. Horizontal positions correspond to the actual mean 

asynchronies. The curves are cumulative Gaussians, each based on the median value of the fit-

parameters for the individual participants’ data for that task. (D) The precision of the individual 

participants in each task. BF0 (open disks) indicates the maximal expected value for the BF task (see 

equation 4). We consider the magnitudes of the precision to be quite unreliable when they are larger 

than about 300 ms (dashed line) due to the small differences between responses within our limited range 

of asynchronies. 
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3.4. Discussion 

Our novel method for tap prediction allowed us to present auditory and visual stimuli 
at chosen moments before the participant’s tap. The precision with which we were able to 
predict the moment of the tap was 12 ms. Since the prediction was based on fitting a curve 
at each instant it can deal with individual differences in how participants tap. Participants 
were able to distinguish whether an external stimulus preceded or succeeded their tap. They 
did so best for a beep, but they could also do so quite reliably when it was a flash. Most 
surprisingly, most participants performed extremely poorly on judging the relative timing of 
the flash and the beep. The performance was more variable than we could explain by 
assuming independent temporal judgements of three events. Consequently, we are unable 
to determine the precision of the timing of the tap.  

The precision in comparing the timing of a beep relative to an active tap in our study 
is comparable to that found in studies using (passive) tactile stimulation (55-100 ms (Frissenet 
al., 2012; Harrar & Harris, 2008; Ley et al., 2009). Most of our participants’ precision was 
poorer when comparing the timing of a flash relative to an active tap than when comparing 
the timing of a beep relative to a similar tap. The precision also appears to differ more across 
participants for the flash than for the beep. Previous studies that compared the timing of a 
flash with (passive) tactile stimulation do not suggest that precision is systematically worse 
than for auditory stimuli (Harrar & Harris, 2008; Lange et al., 2018; Spence et al., 2001), so 
this may be specific to the particular visual and auditory stimuli that we used. Some previous 
studies that compared active tapping with auditory and visual stimuli found somewhat better 
precision than the studies that used passive tapping (Sugano et al., 2010), but others did not 
(Rohde & Ernst, 2013; Vercillo et al., 2017). 

The precision that we found in the beep-flash task was much poorer than one would 
expect from judgments of the timing of the same stimuli relative to a tap. Moreover, the 
precision is poorer than values reported in the literature: for audiovisual temporal order 
judgements, reported values range from 30 ms (Zampini et al., 2003), or 50-75 ms (Keetels & 
Vroomen, 2012; Spence et al., 2003) up to 120 ms (Donohue et al., 2010). All our participants 
produced larger values. When asked to report whether two stimuli occurred at the same 
moment, rather than which occurred first, the reported precision is also well below 200 ms 
(Maij, Brenner, & Smeets, 2009; van der Burg, Alais, & Cass, 2013; Van der Burg, Orchard-
Mills, & Alais, 2015; Virsu et al., 2008).  

Why did we find less precise judgements in the beep-flash task than previous studies? 
The most conspicuous difference between our study and previous studies is that our study 
used a much smaller range of asynchronies than any other study. People adjust what they 
consider to be simultaneous presentation to the asynchronies that they experience, and this 
adjustment is larger when the asynchrony is not detected (Rohde & Ernst, 2013). This suggests 
that using a smaller range might give rise to poorer precision because there is more variability 
in what is considered to be simultaneous. Although it puzzles us why the precision in the 
beep-flash task was so much poorer than one would expect from the literature, this is less 
important than the fact that for most of our participants the precision of judgements of the 
temporal order of beeps and flashes is much more variable than one could maximally expect 
on the basis of performance in the other two tasks (BF0 in Figure 3.2). As the same beeps and 
flashes were involved, and the maximal expectation is based on assuming that one knows 
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precisely when the tap occurred (𝜎𝑇 = 0), the assumptions underlying equations 1-4 must be 
wrong.  

One of the assumptions that might be wrong is that we assume that the precision of 
judging the time of a beep (𝜎𝐵) or a flash (𝜎𝐹) is independent of the task. Our results could be 
accounted for by assuming that precision improves when one executes a movement. There is 
some previous evidence that points in this direction. In an auditory judgment task, 
participants operating a robotic arm were more precise in reporting the duration of a tone 
when they were free to move during the tone presentation than when the arm was locked in 
place (Wiener et al., 2019). Participants also had smaller just noticeable differences in a haptic 
temporal order judgement task when moving their arm than when their arm was passively 
moved or when they were holding still (Frissen et al., 2012). A possible reason for having 
mechanisms that improve temporal precision by relating external events to ongoing actions 
is that temporal precision is probably most critical when guiding ongoing actions, especially 
when interacting with moving targets (Brenner & Smeets, 2015; Nelson et al., 2019).  

A mechanism that relates external events to ongoing actions could be responsible for 
judgments as to whether one crossed a moving target’s path before or after the target being 
quite precise (de la Malla, López-Moliner & Brenner, 2012). However, the better temporal 
precision in that task than in the Flash-Tap and Beep-Tap tasks of the current study might just 
be because the moving target was constantly visible, or because comparing events within a 
single modality yields better temporal precision than comparing between modalities (Virsu et 
al., 2008). 

Using a novel approach for delivering stimuli before a participant completes an 
anticipated movement we showed that participants are able to judge the timing of their 
action relative to external stimuli better than judging the timing of those stimuli relative to 
each other. This difference was larger than can be accounted for on the basis of a constant 
precision for the timing of perceptual and motor events. We are therefore unable to 
determine the precision with which we time our actions. 
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Abstract 

Synchronizing motor actions to an external rhythmic sensory guide is essential for 
performing actions such as dancing or making music. People’s ability to do so depends on the 
sensory modalities of this guide. Do the sensory modalities that provide feedback about 
performance interact with the modality of the guide? We investigated this by manipulating 
the timing of auditory or visual feedback about one’s performance. We devised a method to 
predict the time of a finger tap before it occurred. This allowed us to deliver feedback both 
before and after the time of the finger tap. We shifted this feedback while participants tapped 
along with an auditory or visual guide. The responses to such perturbations were analyzed for 
the four possible combinations of guide and feedback. Our participants most clearly adjusted 
their tap times to perturbed feedback timing for auditory feedback with a visual guide. Rather 
than compensating for the perturbation when timing their taps, they followed it, thus 
increasing the timing error. There was no consistent influence of the perturbation when the 
guide and the feedback were in the same modality. We discuss the implications of these 
findings for the way in which people adjust their tapping to performance feedback. 
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4.1 Introduction 

Whether we are singing, dancing, playing a musical instrument, or just walking or 
speaking, we need to time our actions precisely. We often need to synchronize our actions to 
what happens in our environment, such as to the motion of an approaching ball, or to the 
actions of other musicians or of a dance partner. Our ability to do so is commonly studied in 
rhythmic tasks by asking participants to tap their finger (Delignières & Marmelat, 2014; Hove, 
Iversen, Zhang, & Repp, 2013; Repp, 2010a), press a button (Aschersleben et al., 2001; Blais 
et al., 2015; Repp, 2008), or tap with drumsticks (Fujii et al., 2011; Manning & Schutz, 2015) 
in synchrony with an external guide. The external stimulus can be auditory (Torre et al., 2013), 
visual (Blais et al., 2015), or haptic (Wing et al., 2010).  

Across paradigms and studies, some findings prove to be very consistent. For instance, 
people tend to tap slightly earlier than they should (for a review of the literature, see Repp, 
2005; Repp & Su, 2013), and both the extent to which people tap too soon and the variability 
in tap timing are larger when the interval between the stimuli is larger (Fujii et al., 2011; Mates 
et al., 1994; Yang et al., 2018; Zendel et al., 2011). Fri 25-09-20 15:02:00Perhaps 
unsurprisingly, trained musicians tap closer to the correct time than non-musicians in such 
synchronization tasks (Repp, 2010; Repp & Doggett), with drummers synchronizing 
particularly well (Krause et al., 2010). A common way to try to determine what information is 
used for synchronizing tapping with a sensory guide is by manipulating either the guiding 
rhythm (Repp, 2000, 2002, 2011; Thaut et al., 1998; Torre et al., 2013) or the feedback that 
the participant receives (by generating an auditory or visual stimulus that supposedly occurs 
at the time of the participant’s tap but actually occurs slightly later; Mates & Aschersleben, 
2000; Pfordresher & Palmer, 2006).  

When tapping in synchrony with a simple guide, one presumably adjusts one’s 
movements so that the taps appear to occur at the same time as the guide. The timing of the 
taps is therefore likely to be influenced by any factor that influences judgments of 
simultaneity. When tapping with one’s finger one has haptic information about the 
movement and the moment of the tap. In addition, one might see and hear the tap. It is 
known that judgments about simultaneity with an external stimulus can be influenced by 
adding visual or auditory feedback about the tap (Keetels & Vroomen, 2012b; Sugano et al., 
2016). There is reason to expect auditory feedback to have a stronger influence on tapping 
times than visual feedback because auditory stimuli are judged more precisely (Welch & 
Warren, 1980; Nelson et al., submitted), so that a tendency towards optimally combining all 
cues to judge the time of the tap (Alais & Burr, 2004; Murai & Yotsumoto, 2018) will result in 
auditory signals being given more weight than visual ones.  

It is likely that not only the modality of the feedback is relevant, but also its relation 
with the modality of the guide. Since detecting asynchronies is more precise within a single 
modality than between modalities (Virsu et al., 2008), we hypothesized that we would find a 
stronger influence of feedback in the modality that is used for the guide. To test this 
hypothesis, we conducted two experiments on rhythmic tapping, both of which explore the 
effects of small (<30 ms) temporal perturbations of feedback on tapping performance. In 
Experiment 1, the temporal perturbation of the feedback varied gradually across successive 
taps. In Experiment 2, the perturbations were introduced instantaneously. Each experiment 
consisted of four sessions, one for each of the four combinations of modalities (auditory and 
visual) for the guide and feedback.   
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4.2 Methods  

4.2.1 Participants 

Ten participants took part in Experiment 1. Seven different participants (including the 
first author) took part in Experiment 2. All participants were right handed and reported 
normal or corrected to normal vision and hearing. All participants provided written informed 
consent before the start of the experiment. Participants (except for the first author) were 
naïve to the purpose of the experiment and were debriefed after the experiment was 
finished. 

4.2.2 Setup 

 

 

Figure 4.1.  Experimental setup. Room and laptop screen are well lit for clarity. Participants 

placed their hand inside the pipe on the right. The LEDs within the area indicated by the green 

circle atop the pipe could provide the visual guide (red LED) and visual feedback (green LED). 

The headphones could deliver an auditory guide and auditory feedback. 

 

Participants sat at a table in a dimly lit room and rested their right hand on a wooden 
platform (Figure 4.1). They held their left hand on a laptop keyboard. An infrared marker was 
attached to the nail of the participants’ right index finger. The position of this marker was 
recorded at 500 Hz using an Optotrak 3020 movement registration system (NDI, Waterloo, 
Ontario, Canada). A cover prevented participants from seeing their hand. They were 
instructed to look at two LEDs (one red, one green) which were mounted at the top of this 
cover (indicated by the green circle in the figure), directly above the tapping finger. These 
LEDs delivered the visual stimuli (50 ms flashes, red for the guide, green for the feedback). 
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Participants wore headphones for delivery of the auditory stimuli (50 ms beeps at 490 Hz 
presented to the left ear for the guide or at 2100 Hz presented to the right ear for the 
feedback). A third LED was placed out of sight of the participant and informed the 
experimenter about the moment that our software had anticipated that the participant would 
tap their finger (as will be explained below). The experiment was managed using 
PsychToolbox version 3.0.12 (Brainard, 1997; Pelli, 1997). The LEDs were operated and 
powered using a LabJack U3-LV (LabJack Corporation, Lakewood, Colorado, USA) and a 
custom Matlab LabJack toolbox (available at https://preview.tinyurl.com/y65nqahe). 
Voltages applied to the LEDs and headphones were recorded using an Optotrak Data 
Acquisition Unit (ODAU). This allowed us to determine the precise timing of the visual and 
auditory stimuli in relation to the position of the finger. 

4.2.3 Conditions and Procedure 

The task in both experiments was to tap in synchrony with a rhythmic guide. 
Depending on the condition, the guide was either presented as flashes or as beeps. In both 
cases the rhythm was a simple regular beat with an inter-onset interval of 650 ms. The 
feedback stimulus that was presented near the moment that participants tapped their finger 
could also be a flash or a beep. As such, each experiment consisted of four conditions: visual-
visual, visual-auditory, auditory-visual, and auditory-auditory (henceforth referred to as VV, 
VA, AV, and AA, respectively). The first term denotes the modality of the guide, and the 
second term denotes that of the feedback. The conditions were presented in separate blocks, 
in an independent random order for each participant. 

We intended to present the feedback stimuli at various delays relative to the time at 
which the participant tapped, including negative delays. Since the taps were generated by the 
participant, the time of the tap had to be predicted in order to present the flash or beep with 
the intended delay, especially when the flash or beep was to be presented before the tap. 
We used the same tap prediction method as in our previous work (Nelson et al., submitted). 
The height of the finger was measured every 2 ms. With every new measurement we used 
the most recent 70 ms of measurements of the finger’s height to predict when the finger 
would hit the platform (zero height). We fit a third-order polynomial to the height 
measurements as a function of time, and determined the future zero-crossing of this 
polynomial. Once the time at which the polynomial crosses zero was less than 50 ms in the 
future, we used that time as the predicted moment of the tap for that tap, and delivered the 
beep or flash relative to that time. 

 In both experiments, the timing of the feedback was perturbed with respect to the 
predicted tap time. As a result, the feedback stimuli occurred shortly before or shortly after 
the participants’ taps. In Experiment 1, the delay with respect to the predicted tap time varied 
gradually with each tap (sinusoidally, with an amplitude of 30 ms and a period of 20 stimuli). 
We opted for a sinusoidal variation as a function of stimulus number because this allows for 
an easy detection of motor adaptation (Hudson & Landy, 2012). The stimulus number at the 
beginning of each condition was determined at random from the 20 possible values. In 
Experiment 2, the delay remained constant for 20 taps (either +30 ms or -30 ms) and then 
switched to the other value for the next 20 taps. The stimulus number was either 1 or 21 at 
the beginning of each condition. 

Each experiment was performed in a single session lasting roughly an hour. 
Participants began with a training block in which the feedback was veridical to get 

https://preview.tinyurl.com/y65nqahe
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accustomed to the stimuli and paradigm. The guide was presented first visually and then 
(once the participant was ready) auditorily during the training phase. The feedback was 
always auditory. They indicated verbally when they were comfortable with the task and were 
ready to begin the experiment, at which time the training block ended. Each of the four 
conditions was then presented in a separate block, which ended when the participant had 
tapped 550 times. Participants were informed that they were free to briefly pause their 
tapping during the experiment if they felt they had lost the rhythm or just wanted to rest. 

4.2.4 Analysis 

Tap times were determined from the finger position data using three sources of 
information (Schot et al., 2010). The probability of a moment being the moment of the tap 
increased linearly from 0 when the finger was 7 mm above the table to 1 when the finger was 
on the table. Values higher than 7 mm were given a probability of zero. Those lower than 0 
mm due to skin compression were given a probability of 1. The probability of a moment being 
the moment of the tap also depended on the velocity of the finger. The probability was zero 
if the finger was moving upwards and increased linearly from 0.5 to 1 with the speed of the 
finger as a fraction of its maximal downward speed during that condition. Finally, the 
probability of a moment being the moment of the tap depended on the acceleration of the 
finger. It was zero except at peaks in upward acceleration, in which case it was the peak value 
as a fraction of the maximal upward acceleration during that condition. The moment of the 
tap was when the product of these three probabilities was maximal. The times of the onset 
of the flashes and the beeps were determined from the voltages that we recorded. As we are 
interested in the use of feedback, we binned taps based on the delay of the feedback received 
on the previous taps (20 bins for experiment 1, 40 bins for Experiment 2). The first tap from 
each block was excluded, as it had no preceding feedback. If the participant paused briefly 
during the experiment, the first tap after resuming was also excluded. For Experiment 1, we 
assessed the size of the influence by fitting a sinusoidal function to the binned and averaged 
tap data. For Experiment 2, we assessed the size of the influence by averaging the tap data 
bins for each of the two feedback asynchronies.  

 

4.3 Results 

The difference between tap and feedback time does not precisely match the intended 
delay, as the tap time calculated by the tap predictor does not always perfectly match the 
participants’ actual tap time as determined in the manner described in the previous section. 
However, our tap predictor worked well. On average, the actual moment of a tap coincided 
with the predicted time (the predictor had a median error of being 0.1 ms early), with a 
median standard deviation of 8 ms. The performance of our predictor was much better than 
in our earlier study (Nelson at al., submitted), presumably because the single taps in that 
study were more variable than the rhythmic taps in the present study. 

As was to be expected, participants tapped too early in all conditions. On average, the 
participants of Experiment 1 tapped 33 ± 13, 77 ± 40, 70 ± 25, and 40 ± 14 ms too early (mean 
± standard deviation across participants) for the VV, VA, AV, and AA conditions (Figure 4.2). 
Thus, the tendency to tap too early was smallest (and most consistent across participants) 
when the guide and feedback were provided in the same modality (VV and AA). This is 
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consistent with the idea that alignment is most accurate within a single modality, so that 
adapting one’s actions to align the feedback with the guide is least biased when the guide and 
feedback are both beeps (AA) or both flashes (VV).  

In line with the reasoning mentioned in the previous paragraph, we expected that the 
tapping would be adjusted to align the feedback with the guide, especially in the VV and AA 
conditions. Such adjustments would be visible as sinusoidally varying tap-errors that are in 
anti-phase with the delay in the feedback.  Surprisingly, however, we see very little evidence 
of such adjustment. Only in the VV condition (top left panel of Figure 4.2) is there a slight 
tendency to tap later (black circles closer to zero) when the feedback is too early (most 
negative values of red diamonds), but the effect is not particularly compelling. The condition 
in which the response to the perturbation is by far the clearest is the VA condition (top right 
panel of Figure 4.2). In this condition the asynchrony in tapping is in phase with the 
perturbation, as if the delay of the feedback relative to a given tap drags the following tap in 
the same direction. The amplitudes (in ms) of the fits support this impression: -4 ± 12, 31 ± 
19, 6 ± 9, and 1 ±10, for the VV, VA, AV and AA conditions, respectively, with negative values 
corresponding to the predicted direction of the effect. 

Figure 4.2. Mean asynchronies for the participants’ taps and times at which feedback about the taps 

were presented in Experiment 1 as a function of stimulus number (modulo 20). Feedback delay varied 

sinusoidally with stimulus number (period length 20 stimuli). Tap and feedback times are both 

presented relative to the timing of the guide (a tap error of 0 indicates that the participant tapped at the 

same time as the onset of the guide stimulus). Negative values indicate that the tap or feedback stimulus 

occurred earlier than the associated guide stimulus. As we expect the tap error to be influenced by the 

timing of the feedback of the preceding tap, tapping errors are aligned with the feedback on the previous 

tap (rather than with those of the current tap itself). The gray curve represents a sinusoidal fit to the 

data. Error bars indicate the standard error of the mean across participants’ mean values. 

 

On average, the participants of Experiment 2 had similar biases as in Experiment 1, 
but with more variabilty across participants. They tapped 32 ± 52, 53 ± 77, 73 ± 37, and 53 ± 
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37 ms too early (mean ± standard deviation across participants) for the VV, VA, AV, and AA 
conditions (Figure 4.3). The effect of the perturbation was also similar to that in experiment 
1: the amplitudes (in ms) of the effect were: 6 ± 16, 29 ± 18, 14 ± 11, and 1 ±20, for the VV, 
VA, AV and AA conditions, respectively. Thus, again the feedback influences the tapping 
asynchrony most in the VA condition, to a lesser degree in the AV condition, and hardly at all 
in the VV and AA conditions. Moreover, again tap times mainly follow the feedback rather 
than correcting for it. As in Experiment 1, in the VA condition the shift in tapping asynchrony 
was substantial: it was again almost half of the perturbation magnitude. The overall tendency 
to tap too early was smallest for the VV condition and largest for the VA condition, but was 
nearly identical for the VA and AA conditions. The tendency to tap too early was therefore 
still smallest when the guide and feedback were provided in the same modality.  

 

 

Figure 4.3. Mean times at which participants tapped and times at which feedback about the taps were 

presented in Experiment 2. Details as in Figure 4.2 except that the gray lines simply show the average 

tap error following each of the two feedback asynchronies. 

 

4.4 Discussion 

We anticipated that participants would combine the perturbed visual or auditory 
feedback that we provided with the haptic information about the timing of the taps that is 
always present. Doing so would provide a more precise estimate of the moment of the tap, 
which might make it possible to detect smaller asynchronies and therefore to tap closer to 
the guide. We hypothesized that this would be particularly effective when the feedback and 
the guide were presented in the same modality. We found that the tendency to tap too early 
was indeed smallest when feedback and rhythm were presented in the same modality. 
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However, on a tap by tap basis, the asynchrony was mainly influenced by the feedback when 
feedback and guide were presented in different modalities, and in particular when the guide 
consisted of flashes and the feedback was a beep (the VA condition). Moreover, the response 
to perturbing the feedback on the previous tap was to tap later if the feedback was 
particularly late, and earlier if the feedback was particularly early, rather than doing the 
opposite in order to correct for the apparent timing error.  

Why do participants (in the AV and VA conditions) tap even earlier when the feedback 
on the previous tap suggested that they tapped earlier than usual, rather than tapping later 
to return to what they presumably consider to be the correct time? This might be because 
the visual or auditory feedback contributes to the judged onset of the time interval for the 
next tap, rather than being used as additional feedback about the tapping time. One can think 
of this as the feedback contributing to the judged timing of the guide, or at least to the judged 
timing of the onset of the time interval for the next tap. This would explain why the effect is 
strongest when auditory feedback (for which the timing can be judged quite precisely) is 
combined with a visual guide (for which temporal precision is lower; (Welch & Warren, 1980), 
because that is the case in which the feedback is likely to have the strongest influence. This 
reasoning also explains why the overall tendency to tap too early was larger in conditions in 
which the offsets in the feedback influenced the timing of the taps. The tendency to tap too 
early led to the feedback being early, so if the feedback contributes to the judged onset of 
the time interval for the next tap, that tap will be even earlier. Obviously, this will not continue 
indefinitely, because there is always also haptic feedback about the moment of the tap. The 
jagged pattern in the tapping asymmetries in the VA condition of Experiment 2 suggests that 
participants might start to detect the discrepancy between their tap time and the rhythm 
when the asymmetry reaches a certain value, and respond to this by ‘resetting’ their rhythm 
(Fitch & Rosenfeld, 2007; Mayville et al., 1999), only to be dragged along again in a somewhat 
systematic manner by the perturbed feedback.  

The influence of feedback was clearly not strongest when the feedback was presented 
in the same modality as was used for the guide. Presenting both guide and feedback in the 
same modality does reduce the tendency to tap too early, presumably because the temporal 
error is judged most precisely when comparing signals within the same modality. However, 
the main influence of perturbing the feedback appears not to be mediated by detecting the 
error between the current tap and its guide, but by redefining the moment of the previous 
tap. Maintaining the same interval with respect to that moment gives rise to errors that follow 
rather than cancelling the asynchrony.  
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Abstract 

When intercepting a moving target, we typically rely on vision to determine where the 
target is and where it will soon be. The accuracy of visually guided interception can be 
represented by a model that combines the perceived position and velocity of the target to 
estimate when and where to hit it and guides the finger accordingly with a short delay. We 
might expect the accuracy of interception to similarly depend on haptic judgments of position 
and velocity. To test this, we conducted separate experiments to measure the precision and 
any biases in tactile perception of position and velocity and used our findings to predict the 
precision and biases that would be present in an interception task if it were performed 
according to the principle described above. We then performed a tactile interception task to 
test our predictions. We found that interception of tactile targets is guided by similar 
principles as interception of visual targets. 
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5.1 Introduction 

Interception is a common action in daily activities such as trying to hit a moving ball 
when taking part in various sports. It can be defined as attempting to reach a specific place at 
a specific time in the future, coinciding with the arrival of another object at that point so that 
one makes contact with the object. Previous work has shown that the movements that we 
make when trying to intercept targets are constantly updated (Brenner & Smeets, 2018; 
Brenner, Smeets, & de Lussanet, 1998; de la Malla & López-Moliner, 2015; Smeets & Brenner, 
1995). It has been suggested that doing so results in the final error mainly being determined 
by the visual information that is available about 100 ms before (Brenner & Smeets, 1997; 
Franklin & Wolpert, 2008; Oostwoud Wijdenes, Brenner, & Smeets, 2011; Smeets, Wijdenes, 
& Brenner, 2016). While much of the available research on interception is about using visual 
information to guide motor actions, it stands to reason that interception using information 
from other sensory modalities should also be possible (e.g. Shaffer et al., 2013). A common 
interception task within the animal kingdom is catching prey. Various species of animals 
employ a variety of senses to catch prey, including the use of electroreception, olfaction and 
judgment of hydrodynamic flow in some species of fish (Tricas, 1982; Nelson & MacIver, 1999) 
and echolocation in bats and whales (Johnson et al., 2004; Surlykke & Kalko, 2008). Shooing 
an insect that is moving along our arm on a dark night also requires that we have some sense 
of where the insect currently is, and possibly where it will be in the near future. We here 
confirm that tactile information can be used to intercept a target that one feels moving across 
one’s arm, and examine whether such interception is controlled in a similar manner to 
interception of visual targets. Contrary to many studies that try to determine how movements 
are controlled by evaluating trajectories (e.g. Arzamarski et al., 2007; Fajen & Warren, 2007; 
Slupinski, de Lussanet & Wagner, 2018), we do so by evaluating the errors that people make. 

When evaluating whether people intercept haptic targets according to the same 
principles as they do visual targets we must consider both precision and systematic errors. 
The precision of interception is limited by the resolution of the sensory and motor signals 
(Körding & Wolpert, 2006). For visual targets that people are tracking with their eyes, the 
sensory resolution depends on the resolution of the fovea and on how well people know the 
orientation of their eyes. When intercepting haptic targets, the sensory resolution depends 
on the part of the skin that is stimulated. In addition to the random errors due to limited 
sensory resolution, systematic perceptual errors are also common both when using virtual 
targets (Rossi et al., 2018) and in real life (Troscianko, Wright & Wright, 1999). They may be 
particularly evident under unnatural circumstances (La Scaleia et al., 2014). Misjudging 
acceleration (Senot et al., 2012) influences interception, as does relying on otherwise biased 
visual information (de la Malla et al., 2018). When judging positions from touch alone, 
judgments of the position on the arm are likely to be biased (Brooks et al., 2019; Green, 1982). 
When relying on proprioception to guide the hand that is used to intercept the target, the 
position of the moving hand is likely to be biased in a subject-specific manner that is highly 
stable over time (Kuling, Brenner, & Smeets, 2016; Smeets et al., 2006). The haptic percept of 
target speed might be biased as well, because we know that the reproduction of a haptic 
percept of length is biased (Nelson et al., 2018) and that the size of holes is judged differently 
with different effectors (Drewing, 2018).  

To evaluate whether errors in the judgments that we consider to be essential for 
interception can account for the accuracy of interception we must consider how the 
judgments are used to control interception. Based on our knowledge of the accuracy of the 
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perceptual judgments of putative underlying information, we can make model predictions for 
the accuracy of interception, and compare these with that of actual performance. For visual 
targets we have done so both for the precision and the bias (Brenner & Smeets, 2015; de la 
Malla, Smeets, & Brenner, 2018). The simple model for interception that we use is based on 
continuously updating the perceived position, and extrapolating this position over the 
remaining time to interception on the basis of the perceived velocity. The position at which 
people aim to intercept a moving target is based on the sensed position �̃� of the target (which 
might differ from the actual position x), extrapolated by the sensed velocity �̃� (which might 
differ from the actual velocity 𝑣) for the remaining time until the tap. This aimed position is 
continuously updated, but the last update that can influence the outcome is one visuomotor 
delay τ before the tap. The parameter τ combines the dynamical properties of the eye, brain 
and arm into a single value that represents the last moment at which newly acquired 
information can influence the outcome. We justify the use of a constant value by assuming 
that judgments improve gradually enough for differences in the time needed to make the 
adjustments to be neglected. The tapping error E will therefore be equal to the error in the 
prediction: 

𝐸 = �̃�𝜏 + �̃�𝜏 − 𝑥       (1) 

The bias in interception follows directly from systematic differences between the perceived 
and actual position and velocity. For the precision of interception, we base our prediction on 
the assumption of normal distributions of uncorrelated random errors in judging position and 
velocity (Brenner & Smeets, 2015): 

𝜎𝐸
2 =  𝜎�̃�𝜏

2 + 𝜏2𝜎�̃�
2       (2) 

We devised a series of three experiments to examine whether this interception 
principle that was developed to account for the interception of visual targets also applies to 
haptic interception. We probed biases and the precision of judgments about the position and 
velocity of a tactile stimulus on the arm, and measured people’s ability to intercept a target 
moving along the arm. The first experiment presented participants with a moving stimulus on 
the arm, whose speed participants were instructed to reproduce by moving their finger 
through the air. The second experiment required participants to use their right fingertip to 
touch the location of a stationary tactile stimulus on the left arm. The third experiment 
required participants to intercept the target as it moved along their left arm. We examined 
whether performance on the first two experiments was consistent with performance on the 
third, as it should be if interception were controlled similarly to how it is done visually. 

 

5.2 Methods 

5.2.1 Participants 

We performed three experiments: Position, Velocity, and Interception. Fifteen young 
healthy adults were recruited to take part in the Position and Velocity experiments. One 
participant stopped after a few trials because the participant had sensory deficits that made 
it impossible to feel the stimulus. The remaining fourteen participants completed the Position 
and Velocity experiments in random order in a single sitting. Seventeen young healthy adults 
took part in the Interception experiment. Three participants were excluded from analysis 
because the LED marker of the finger was hidden from the measurement cameras’ views in 
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too many trials (see data analysis), and a fourth was excluded because of technical difficulties 
with saving data during the experiment. The remaining thirteen participants completed the 
Interception experiment in one sitting. All participants provided their written informed 
consent before the start of the respective experiments. 

5.2.2 Set-up 

We used a tapping task to measure how well people could match the position of a 
static tactile stimulus on their arm and intercept it when it was moving along the arm. We 
used a reproduction task to measure how well they could match the target’s speed. 
Participants sat at a table in a room illuminated by a single lamp and rested their left arm 
palm-down on a platform on the table (Figure 5.1). The height of the far end of the platform 
was adjusted for each participant such that the top of the forearm was approximately parallel 
to the table. The tactile stimulus, delivered to the top of the forearm, was a bearing ball (4 
mm diameter) which was free to roll within a fixture attached to a haptic device (an omega.3, 
Force Dimension, Nyon, Switzerland). The haptic device, capable of performing precise 
closed-loop movements, rolled the target along the participant’s forearm. As each person’s 
forearm has a different size and shape, the starting height of the fixture was calibrated for 
each participant individually. The position of the participant’s forearm was such that the 
middle of the forearm corresponded to the middle of the haptic device’s range of motion; the 
target never traveled farther than 10 cm in either direction from this central position.  

Infrared LED markers were attached to the fixture and to the participant’s right index 
finger to measure the interception error. In order to relate this error to the position on the 
left arm, we attached markers to the left elbow and major knuckle of the left index finger. 
The positions of these four markers were recorded at 400 Hz using an Optotrak Certus 
movement registration system (Northern Digital International, Waterloo, Ontario, Canada). 
Participants wore shutter goggles for the duration of the experiments. The experiments each 
consisted of multiple short trials. At the start of a trial the shutter goggles turned opaque and 
the lamp that illuminated the room switched off. This ensured that during the trial 
participants would have no visual information about either the target or their own body. 
Shortly after the shutter goggles turned opaque a stimulus was applied and the participant 
responded. Eight seconds after the start of the trial the lights turned back on and the shutter 
goggles cleared. Eight seconds was long enough to ensure that the participants had always 
finished their response before they could see again. 
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5.2.3 Procedure 

5.2.3.1 Position experiment 

Our first step was to measure how accurately and precisely participants could move 
their right fingertip to the location of a static tactile stimulus on their left arm. They started 
with their right index finger at the starting point on the table (Figure 5.1). The target moved 
to one of 21 positions above the arm (between -10 and 10 cm from the center, in increments 
of 1 cm) and then descended on the arm. The target then remained at this position for the 
duration of the trial. Participants were instructed to tap the target as soon as they felt it. 
Participants were instructed that corrective movements were not allowed. Because the target 
remained in place on the arm, participants touched the target in the case of a successful tap, 
and the arm otherwise. In this way they received feedback on their performance. For each 
position on the arm there were two trials, resulting in 42 trials per participant. Additionally, 
there was a calibration ‘trial’ at the very beginning and end of a session. During the 

Figure 5.1. The experimental setup. Red dots indicate the position of the Optotrak 

markers, and white circles indicate the two starting points for the finger, one for 

the tapping movements of the Position and Interception experiments and the other 

for the movements in the Velocity experiment. 
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calibrations the participants had full vision and placed their finger directly on the visible target 
to ensure alignment between the finger and target markers. We considered the resulting 
separation between the marker positions as our definition of an error of zero in the data-
analysis. 

5.2.3.2 Velocity experiment 

Our second step was to estimate how well people could judge and reproduce the 
speed of a target moving across their arm. Participants were instructed to pay attention to 
the velocity of the target moving across their forearm while resting their right index finger at 
a starting point in front of and to the left of the arm platform (Figure 5.1). At the start of each 
trial, the target would move into position above the participant’s forearm, then descend and 
immediately begin traveling along the arm. The target started moving at one of six positions, 
6, 8 or 10 cm from the center of the forearm in either direction. If the target started closer to 
the wrist it always traveled in the direction of the elbow, and vice versa. The target trajectory 
always ended 10 cm from the center of the forearm. The target could travel at one of three 
speeds: 10, 15, or 20 cm/s (henceforth referred to as slow, medium, and fast). It moved for 
0.8-2 s, depending on the speed. For participants whose forearm was shorter than 20 cm, a 
scaling factor was applied to both the distances traveled and the durations such that the 
target never moved past the elbow or wrist, but still achieved the same velocities. Once the 
target completed its movement, participants were to move their right index finger rightward 
at a speed matching that of the target they just felt. They moved their finger to the right 
(orthogonal to the target’s motion) and were instructed to keep moving as far as they 
comfortably could. In this way we ensured that they did not reproduce the target’s motion 
rather than its velocity (for instance by matching the distance that it traveled). They moved 
in the same direction for all trials to minimize possible motor-related differences in 
reproduction across trials. Once the participant had completed the movement, they returned 
their finger to the starting point. There were five trials for each condition (categorized by one 
of six starting points and one of three speeds), resulting in a total of 90 trials per participant.  

5.2.3.3 Interception experiment 

Finally, we tested participants’ ability to intercept a moving tactile target. As in the 
Velocity experiment, the target moved along the participant’s arm. Again, the target could 
start 6, 8, or 10 cm from the center of the forearm in either direction, and traveled at 10, 15, 
or 20 cm/s, resulting in 18 unique conditions. The task for the participants was the same as 
that in the Position experiment: they started with their right index finger at the starting point 
on the table (Figure 5.1) and were instructed to tap the target as soon as they felt it. As a 
form of feedback, the haptic device stopped moving if it detected a sudden increase in force, 
such that a successful interception would halt the target’s movement for the trial. If the 
participant tapped behind the target, the target continued its trajectory. If the participant 
tapped ahead of the target so that the target bumped into the finger, the collision triggered 
the device to stop. Corrective movements of the hand were not allowed. Trials were 
presented as ten blocks, each consisting of one trial from each condition in a random order. 
The first block served as a familiarization phase and was excluded from analysis. This resulted 
in a total of 162 trials that could be used for the analysis. Participants were not explicitly 
informed of the blocking or of the familiarization phase, but they were informed when they 
had made it halfway through the experiment and were free to take a break whenever they 
wished. As in the Position experiment, a calibration ‘trial’ took place at the very beginning 



 55 

and end of each participant session, and the offset that was considered to represent perfect 
interception was calculated from these trials. 

5.2.4 Analysis 

5.2.4.1 Position experiment 

We started the analysis by correcting the finger position for the difference between 
the finger LED marker and the fixture LED marker, averaged across the two calibration trials. 
The time of tap was defined as the point in time at which a sharp upward acceleration peak 
was observed for the finger while the finger was not moving upward (see Schot, Brenner, & 
Smeets, 2010). We considered the location of participants’ initial tap on the arm as their tap 
location. Any subsequent movements or corrections were ignored, in line with the 
instructions to the participants. Positions were defined relative to the midpoint of the arm, 
which corresponded to the midpoint of the positions at which the targets appeared. Positive 
values were towards the wrist. We defined the participants’ tap errors as the one-dimensional 
offset (along the path of the target) between the locations of the participants’ finger and the 
target at the time of the tap. Errors were positive if the tap was too close to the wrist, in 
accordance with the coding of positions. In order to determine the bias and precision of the 
tap for each participant we determined the slope and residuals of a linear regression of their 
tap errors as a function of target position (see subsection ‘Model predictions’ for further 
details). Movement times were also determined for each trial.  

5.2.4.2 Velocity experiment 

Because finger velocity is not constant over time, we had to pick the segment of the 
finger velocity profile that we believed would best represent the participant’s attempt to 
reproduce the perceived target velocity. We defined the velocity used to match the target as 
the average rightward speed (that is, only considering movement in one dimension) during 
the time that the participant’s finger passed through the middle ten centimeters of their 
trajectory. This segment often, but not always, included the participant’s maximum velocity. 
To check whether the actual velocity of the target corresponded to the programmed velocity, 
we determined the velocity of the infrared marker on the target by differentiating the 
marker’s position with respect to time, again over the middle ten cm. The actual velocity of 
the target always matched the programmed velocity (mean ± standard deviation across trials: 
10.0 ± 0.02 cm/s, 15.1 ± 0.04 cm/s, and 20.1 ± 0.1 cm/s for slow, medium, and fast targets, 
respectively). 

We determined this measure of perceived velocity for each trial. We then calculated 
a Weber fraction (the standard deviation divided by the mean) for each participant’s velocity 
reproductions for slow, medium, and fast targets in order to get a measure of the precision 
of their velocity reproduction that is independent of the velocity of the target (Westheimer, 
1999). Finally, for each participant we calculated the slope of velocity reproductions as a 
function of target speed to quantify any bias in reproducing felt velocities. We focused on 
target speed, rather than velocity, as we found that the target’s movement direction had no 
influence on participants’ reproduction speeds. 

5.2.4.3 Interception experiment 

As in the Position experiment, we considered the initial tap location and defined 
participant’s tap errors as the offset between the locations of the participant’s finger and the 



 56 

target at the time of the tap. We calculated the slope and residuals of the participants’ tap 
errors, now taking the target’s movement direction into account. The slope was constrained 
to be the same for both directions of target motion, but the intercept was allowed to differ. 
As in the position experiment, movement times were determined for each trial. 

5.2.4.4 Model predictions 

We will compare our results from the Interception experiment to predictions based 
on the Velocity and Position experiments with the help of the model of equations (1)-(2). 
However, before doing so we must introduce a commonly observed bias in the responses: a 
contraction bias (Poulton, 1979). We assume that the perceived position (�̂�) is biased because 
tactile information about target position (x̃) is combined with a prior (𝑝) that the target is at 
the center of the forearm (Angelaki et al., 2009). If w is the weight given to the prior: 

 �̂� = 𝑤 𝑝 + (1 − 𝑤)�̃� (3) 

so that if �̃� is unbiased (on average, �̃� = 𝑥), the systematic tapping error in the Position 
experiment (𝐸 = �̂� − 𝑥) will be : 

 𝐸 =  𝑤 𝑝 + (1 − 𝑤)�̃� − 𝑥 = 𝑤 (𝑝 − 𝑥) (4) 

We can determine w experimentally from the slope of the tapping error as a function of the 
target position. 

Assuming that p and x are combined optimally and that their errors are independent, so that: 

 𝑤 =
𝜎x̃

2

𝜎𝑝
2+𝜎�̃�

2 (5) 

The variance of the participants’ tapping errors (assuming that motor noise is negligible so 
that the variability corresponds with the variability in the perceived position x̂) must be: 

 𝜎𝐸
2 = 𝑤2 𝜎𝑝

2 + (1 − 𝑤)2 𝜎�̃�
2 (6) 

Equations (5) and (6) can be combined to give 

 𝜎�̃� =
𝜎𝐸

√1−𝑤
 (7) 

and 

 𝜎𝑝 =
𝜎𝐸

√𝑤
 (8)  

Thus, we can use the measured variability in the participants’ tap locations ( E; the standard 
deviation of the residuals of the fit in the Position experiment) and the weight given to the 
prior (w; slope of error as a function of position) to estimate the standard deviation of the 
position judgments (𝜎�̃�) and of the prior (𝜎𝑝). We will use the same prior for the interpretation 

of the interception experiment and assume that it is combined with the estimate of where 
the target will be at the time of the tap. The anticipated tapping position �̂� will be based on 
the latest tactile information �̃�τ, 

 �̂� = 𝑤 𝑝 + (1 − 𝑤)(�̃�𝜏 + �̃� 𝜏) (9) 

Assuming that the velocity is misjudged proportionally (�̃� = 𝑘 𝑣), we get: 

 𝐸 = 𝑤 𝑝 + (1 − 𝑤)(�̃�𝜏 + 𝑘 𝑣 𝜏) − 𝑥 (10) 

 𝜎𝐸
2 = 𝑤2𝜎𝑝

2 + (1 − 𝑤)2(𝜎�̃�
2 + 𝜏2𝜎�̃�

2) (11) 
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In equation (11) we have neglected uncertainty in judging the visuomotor delay. We 
assume that the additional variability due to the motion of the target is a product of 
uncertainty in the perceived velocity and the delay itself (𝜏 𝜎𝑣). The standard deviation in the 
velocity judgments 𝜎�̃�  can be written as 𝑣 𝑊𝑣, where Wv is the Weber fraction for judging 
velocity that we estimated from the Velocity experiment and v is the velocity of the target in 
question. The weight w given to the prior in the interception experiment is expected to be 
larger than in the Position experiment because of the additional variability introduced by 
having to judge the velocity. With all the above-mentioned assumptions the optimal 
combination (highest precision) is achieved when 

 𝑤 =
𝜎�̃�

2+(𝜏 𝑣 𝑊𝑣)2

𝜎𝑝
2+𝜎�̃�

2+(𝜏 𝑣 𝑊𝑣)2
 (12) 

The higher weight given to the prior when intercepting moving targets, because xm> x, 
corresponds with a steeper slope of lines fit to the tapping errors as a function of the target 
position at the time of the tap. When intercepting moving targets, we expect that the variance 
in participants’ tapping errors will be: 

 𝜎𝐸
2 = 𝑤2𝜎𝑝

2 + (1 − 𝑤)2(𝜎�̃�
2 + (𝜏 𝑣 𝑊𝑣)2) (13)  

where 𝑤 is calculated using Equation (12), and 𝜎�̃� and p are the values from the Position 
experiment (Equations (7) and (8)). In our calculations we assume that participants have a 
similar sensorimotor delay for tactile and visual information (  about 100ms). Biases in 
judging velocity or position will become apparent in the Position or Velocity experiment. Their 
effects on the anticipated systematic errors in interception will emerge directly when relying 
on equation (9). 
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5.3 Results 

5.3.1 Position experiment 

When our example participant attempted to tap the stationary target’s position on 
the arm, the taps were biased in the direction of the center of the forearm (Figure 5.2). This 
pattern corresponds to the expected contraction bias: the farther away the target was from 
the center of the forearm, the larger this error, reaching values of up to 7 cm. We performed 
such a regression for each of the 14 participants. The (negative) median value of -0.22 for the 
slopes of these linear regressions (Figure 5.3A) corresponds to a weight w of 0.22. The median 
standard deviation of the residuals of these regressions σT is 1.5 cm (Figure 5.3B). On average, 
participants took 737 ms to tap on the target (from the moment the hand started to move). 

 

 

 

 

 

Figure 5.2. A single participant’s tap errors as a function of the location of the 

target. The solid line is a fit to the participant’s data. The negative slope 

corresponds to a contraction bias. 
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Figure 5.3. The bias (A) and precision (B) in the Position experiment. Circles: 

values for individual participants (the filled circles indicate the participant 

whose data are shown in Figure 2). Bars: median of all participants’ values. 
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5.3.2 Velocity experiment 

All except one participant clearly moved faster in response to faster targets. The 
direction of the target’s motion had no effect on participants’ speed reproductions, so we 
henceforth group the targets by speed rather than velocity. The data of a single participant 
(Figure 5.4) show that this participant (a different one than for the Position experiment) 
scaled the speed of the hand movement to the speed of the target. The variability in the 
reproduction was quite large. Moreover, the reproduction was not veridical (far from the 
dashed unity line): the reproduced speed for this participant was more than four times the 
speed of the target. This participant was no exception: all participants produced a speed that 
was more than twice that of the target (slope larger than 2, Figure 5.5A). The medians of the 
participants’ average produced speeds were 35, 61 and 86 cm/s for the three conditions, with 
respective median standard deviations of 11, 16, and 19 cm/s. Participants differed by up to 
a factor 5 in their mean reproduced speed for a single condition. Participants’ speed 
reproduction performance showed a median Weber fraction of 0.25 (Figure 5.5B). The 
median Weber fractions were 0.26, 0.25, and 0.21 for the slow, medium, and fast targets, 
respectively. 

 

 

 

 

 

 

Figure 5.4. A single participant’s reproductions of the target speed in the Velocity 

experiment. The solid line is a fit constrained to pass through the origin. The dashed unity 

line indicates where points would be if the participant reproduced the target speed 

veridically. This is a different participant from the one whose data are shown in Figure 5.2. 
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5.3.3 Interception: model prediction and experiment 

On average, participants took 464 ms to tap on the target (from the moment the hand 
began to move). Using the median values obtained from the Velocity and Position 
experiments, we predicted a typical participant’s performance in the interception task (Figure 
5.6A). The predicted behavior resembles that of an example participant (Figure 6.6B). Two 
similarities with the predictions are remarkable. The first is the effect of the direction of target 
motion (separation between blue and green lines), which is introduced to the model by the 
overestimation of target velocity. The second is the steeper slope than in the Position 

Figure 5.5. The bias (A) and precision (B) in the Velocity experiment. Circles: values 

for individual participants (the filled circles indicate the participant whose data are 

shown in Figure 5.4). Bars: median of all participants’ values. 
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experiment (Figure 5.2), which is due to the larger uncertainty about where to tap, and thus 
a larger reliance on the prior. 

 

 

 

 

 

 

 

If we look at the three parameters for which we made predictions, we see that the 
predictions are very similar to the values observed in the Interception experiment (Figure 
5.7), despite being based on a different set of participants and the parameters differing 
considerably across participants. Our model predicts a median slope of -0.47 for the bias 
towards the center of the forearm, which is considerably steeper than what was observed for 
static targets. This predicted slope is very similar to what we observed in the Interception 
experiment (Figure 5.7A). The model also correctly predicts the effect of target direction on 
performance, estimating a median intercept shift of 3.1 cm, essentially equal to the observed 
shift of 3.0 cm (Figure 5.7B). One prediction is incorrect: our model predicted that participants 
would be less precise in the Interception experiment than in the Position experiment, which 
was not the case. The model slightly underestimates participants’ precision for Interception, 
predicting a precision of 1.9 cm, compared to 1.4 cm in the experiment (Figure 5.7C).  

 

Figure 5.6.  A. Interception performance as predicted by the model for the medium speed targets 

based on the median performance in the Velocity and Position experiments. Color indicates the 

direction of target motion. Shaded areas indicate one standard deviation from the mean. B. A single 

participant’s performance in all trials of the Interception experiment (circles) and the best parallel 

linear fit (lines). 
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5.4 Discussion 

In this paper we demonstrated that interception of a tactile target can be modeled in 
a similar way to interception of visual targets. The Position experiment demonstrated that 
participants can locate a static target on their arm using the index finger of the other hand, 
but that participants exhibit a tendency to aim toward the center of the forearm. The Velocity 
experiment showed that participants are able to distinguish between different target speeds 
as perceived by touch, although the reproduction speeds were consistently far too high. The 
Interception experiment revealed that the biases that were found in the other two 
experiments influence interception, and showed that participants can intercept a target that 
is moving along the arm with remarkable precision. 

The fact that our prediction for the influence of the direction of motion was so 
accurate was a surprise to us. When we observed that the target’s velocity was overestimated 
by a factor four, we doubted whether our measure was adequate. In principle, it could be the 
case that the results did not indicate an overestimation of perceived tactile speed, but an 
underestimation of the produced hand speed. However, considering our results it is probably 

Figure 5.7. Comparison of model predictions of interception performance (red symbols) 

with the experimental results of the Interception experiment (orange symbols). The bias (A), 

influence of direction (B) and precision (C) as predicted by the model based on the results 

of each participant’s performance in the Velocity and Position experiments and as 

determined for each participant in the Interception experiment. Bars indicate median values. 

The filled orange symbols indicate the values for the participant whose data are shown in 

Figure 5.6B. 
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the target’s velocity that is misperceived. This might be because the produced hand speed is 
reasonably well calibrated since it is not unusual to want to move one’s hand at a certain 
speed, whereas people do not often need to judge tactile speed.  

In our model, we assumed that people have a prior for the target’s position at the time 
of the hit that is combined with the extrapolated position based on the sensed position and 
velocity some time before the tap to determine where to tap. We therefore determined a 
weighted average of the anticipated target position and this prior. However, one could argue 
that the prior does not affect the extrapolated position but affects the sensed position. If so, 
we would have to replace equation (9) by: 

 𝑇 = 𝑤 𝑝 + (1 − 𝑤)(x̂τ − x𝜏) + (v̂ − 𝑣)τ (14) 

This corresponds with determining a weighted average of the sensed position and the 
prior, as in the Position experiment, and extrapolating from the resulting position with the 
perceived velocity. This alternative model differs from our original model in that the weight 
given to the prior (and thus the dependence of the tapping error on position) is the same in 
the Interception experiment as in the Position experiment, which is not consistent with our 
data (different slopes in Figures 5.2 and 5.6). Equation (14) also predicts a larger influence of 
the direction of target motion, but this is less convincing evidence against this option because 
some of the overestimation of the speed in the Velocity experiment may be the result of 
underestimating the arm movement velocity after all.  

One uncertainty in all our comparisons is that the value that we use for the 
sensorimotor delay might not be correct for tactile information. The fact that both our 
prediction for the change in the bias towards the center of the arm and our prediction for the 
systematic influence of the target’s motion on participants’ tap locations were correct when 
using this value supports the value of 100 ms for the delay. We do not have a direct 
independent estimate of how quickly people can react to tactile location information, but it 
takes people about 90 ms to adjust their grip strength in response to the sensation of finger 
slip (Brandes & Heed, 2015; Pruszynski, Johansson, & Flanagan, 2016) so a value of 100 ms is 
not unrealistic. If the delay is indeed about 100 ms it is unlikely that the correspondence 
between the bias in reproducing the target’s speed and the systematic influence of the 
target’s motion is a coincidence, so the velocity indicated with the hand in the Velocity 
experiment is probably the perceived velocity. 

The results of the Interception experiment showed that participants’ performance in 
a tactile interception task can be modeled on the basis of performance in a speed 
reproduction task and a static target task. Our model fits the biases in the data best when we 
consider participants’ speed reproductions rather than the target speed. This confirms that 
participants take the perceived speed of the target into account rather than simply paying 
attention to an updating percept of target position. Interestingly, our model predicts poorer 
tap precision than actually exhibited by participants. In its current form, our model cannot 
produce precisions of interception that are better than those of the Position experiment, 
because the added variability introduced by the target moving can only cause the precision 
to decrease. A possible explanation for having found better precision for moving targets is 
that participants receive more feedback in the Interception experiment than in the Position 
experiment: they do not only know whether they missed, but also whether they tapped in 
front of or behind the target. Another possibility is that as tactile receptive fields on the 
forearm are large, the sequential motion over several adjacent receptive fields allows for 
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better localization of the moving target. The fact that participants showed considerably 
smaller movement times is also interesting. All participants were instructed in both the 
Position and Interception experiments to move as quickly and accurately as possible, but 
participants still moved faster in response to a moving target. It is possible that participants 
prioritized speed over accuracy when hitting a moving target so as to ensure that they arrive 
in time. This makes it even more surprising that participants’ precision is better for moving 
targets. 

One conspicuous difference between the results of the current study on intercepting 
tactile targets and those of the earlier studies on intercepting visual targets is that we find 
substantial biases for tactile targets whereas studies with visual targets found modest biases, 
mainly arising from illusions (de la Malla et al., 2018; de la Malla, Smeets, & Brenner, 2017) 
or from ignoring acceleration (Brenner & Smeets, 2015; Brenner et al., 2016). This difference 
is easy to understand. When moving a visible hand to a visible target one can simultaneously 
see both the hand and the target, so any visual bias will affect the localization of both hand 
and target (Smeets et al., 2006). Visual biases will therefore not affect interception. When 
moving to a tactile target without seeing one’s hand, any tactile bias will affect the perceived 
location of the target, but not that of the hand. Tactile biases will therefore affect 
interception. There are many potential origins of biases when dealing with tactile targets, for 
instance because tactile localization depends on posture (Sadibolova, Tamè, & Longo, 2018). 

Both the bias and the precision in the Position experiment were quite similar to those 
reported for manually indicating short touches with a von Frey filament (Brooks, Seizova-Cajic 
& Taylor, 2019). The precision values are a combination of perceptual and motor errors. 
Previous work examining how well people can detect the direction in which a stimulus is 
displaced along the back of their forearm suggests that the spatial precision of touch 
corresponds with a standard deviation of about 0.5 cm under those circumstances (Cody et 
al., 2008). Our participants’ precision of about 1.5 cm when tapping a static target can 
therefore probably largely be attributed to motor errors. This would be consistent with the 
fact that we did not observe a systematic difference in tap precision along the arm.  

Considering the persistent bias in the direction of motion that we find in the 
Interception experiment it is evident that the feedback that we provided is not enough to 
quickly learn to avoid biases such as the bias towards the center of the arm or the bias that is 
introduced by misjudging the velocity. Similar lack of adaptation was found for temporal 
errors (‘spatial feedback’ condition in de la Malla et al., 2014).  

For the model in the present paper, we made many simplifying assumptions in 
comparison to the model that we previously proposed to account for the errors when hitting 
visual targets (Eli Brenner & Smeets, 2015). For instance, we considered motor variability and 
uncertainty in the remaining duration to have negligible influences on tactile interception. 
Considering how much poorer position and velocity judgments are for tactile targets 
(standard deviation of about 15 mm and Weber fraction of about 25%; Figures 5.3B and 5.5B) 
than for visual targets (standard deviation of about 3mm and Weber fraction of less than 9%; 
Brenner & Smeets, 2015), these simplifying assumptions seem to be justified. There are of 
course many more differences between the visual and tactile modality. Despite these 
differences, stimulus position and motion can be perceived by both the skin and the eyes, and 
our experiment shows that interception relies similarly on such percepts for visual and tactile 
targets. Thus, the current findings provide support for the previously proposed mechanism of 
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guiding interception (Brenner & Smeets, 2015; Brenner & Smeets, 2018), extending its validity 
to include tactile targets. 

5.5 Data 

All data pertaining to the study are freely available for review. Interested parties are 
invited to download the data via the Open Science Framework at 
https://osf.io/65nuq/?view_only=2abc02237980454d8272d734c4a0fb6a 
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 This thesis aimed to shed light on the contributions of vision, audition, and haptics to 
our sense of, and interaction with the world around us. Through four varied studies, we 
discovered that spatial and temporal perception are robust under unusual conditions and 
function even in settings we are not typically exposed to. In Chapter 2, we determined that 
spatial perception in the peripersonal space functions just as well for people who have been 
blind their whole lives as it does for sighted people who have only just recently been 
blindfolded. We expected that drawn lines that started away from the body midline would 
deviate from fronto-parallelity, and that this deviation would be exaggerated in blind 
participants if they relied more heavily on egocentric reference frames than sighted 
participants.  We also expected that such a reliance on egocentric reference frames would 
also cause early-blind participants to draw longer lines when beginning said lines farther away 
from the body. As these effects were not present in our study, we concluded that spatial 
perception does not depend on visual ability for our tasks, and that any differences in reliance 
on egocentric and allocentric reference frames did not translate to difference in performance. 
Chapter 3 explored people’s ability to determine which of two brief, nearly simultaneous 
events occurred first. We discovered that the act of tapping greatly improved participants’ 
ability to determine the relative timing of a flash or beep, and we reproduced the well-
established finding that auditory perception is more temporally precise than visual 
perception. This work was extended in Chapter 4, which explored people’s ability to tap their 
finger along with a guide rhythm while receiving perturbed feedback about the timing of their 
own finger taps. We found that people are largely unaffected by perturbed feedback when 
the guide and feedback share the same modality. However, when the guide and feedback 
differed in modality—and particularly when the guide was visual and the feedback was 
auditory—participants’ performance was dragged along with the perturbation of the 
feedback. This suggests that participants are more sensitive to perturbed feedback when 
dealing with guide and feedback stimuli of differing modalities, which would explain their 
hindered performance in the cross-sensory conditions. Finally, Chapter 5 considered people’s 
ability to determine the position and velocity of a target felt on the arm, and ended with a 
task in which participants had to intercept this target. We found that people could determine 
the position of the target on the arm with reasonable precision, and that they were also able 
to distinguish between various target speeds. We were able to devise an empirical model 
taking into account people’s biases and precision with regard to their perception of the target, 
which correctly predicted performance in the interception task. Our results showed not only 
that interception is possible when the input stimuli are tactile rather than visual, but also that 
tactile interception is similar to visual interception in terms of how available information is 
used. This suggests that the ability to intercept a moving target, while primarily a visual task 
in humans, is not inherently tied to or dependent on vision. 

 

6.1. Space 

 Our results in Chapter 2 showed no difference in performance between blind and 
blindfolded sighted adults, suggesting that our participants did not depend on prior visual 
experience for the task at hand. Past work has shown that early-blind individuals tend to rely 
more on egocentric reference frames than sighted individuals for certain tasks (Iachini et al., 
2014; Pasqualotto et al., 2013; Postma et al., 2008), so our finding of no such difference in 
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our experiment was particularly striking. The relationship between spatial perception and 
visual experience is complicated, but our findings are perhaps unsurprising in the light of 
previous work. For example, a previous study had early-blind and blindfolded sighted 
individuals place an object on a table and then walk away from the table (Hollins & Kelley, 
1988). When asked to point to the location of the object after having walked around to 
another part of the table, early-blind participants showed significantly worse performance at 
this task than blindfolded sighted participants. This would make sense, as pointing is typically 
a visually guided task. However, when asked to walk back to the table and place the object in 
its original location, both groups were equally capable of completing this task. This confirms 
our conclusion that visual experience is not necessary to interact with the environment 
directly within our reach. 

 Participants’ consistent tendency to undershoot the length of the felt object is 
particularly interesting, given other work that shows people are capable of distance 
reproduction under the right circumstances. Numerous studies with both blind and 
blindfolded sighted participants have shown that participants are able to reproduce a 
passively felt traveled distance with the hand (Hermelin & O’Connor, 1975; Lederman et al., 
1985), including when the motion is simulated and the hand actually does not move at all 
(Moscatelli et al., 2014). It has been demonstrated that people rely on a sense of vibration in 
order to determine how far their finger has traveled across a surface or object (Dallmann et 
al., 2015; Fardo et al., 2018). We deliberately deprived our participants of this crucial 
information in an attempt to tease out differences between early-blind and blindfolded 
sighted participants; the lack of any such difference in our data is interesting and shows that 
visual experience plays no role here. 

 

6.2. Time 

 Our results showed that vision, audition, and haptics each play a unique role in 
temporal perception. To our knowledge, Chapters 3 and 4 document some of the first studies 
performed wherein participants receive anticipatory feedback on their own motor actions 
without restricting the position of the finger by means of an external device.  

 There is evidence for the hypothesis that one’s own motor actions play an important 
role in temporal perception. For example, in a tactile stimulation task with temporal 
adaptation, participants were only influenced by the adaptation when their arm was passively 
moved. When they performed a similar motor action on their own, the temporal adaptation 
had no effect on participant performance  (Tomassini et al., 2012). However, another study 
has shown that participants are susceptible to temporal adaptation in a visuomotor temporal 
order judgment task even when performing motor actions, though this study did not include 
a condition with passive haptic stimuli for comparison (Vercillo et al., 2017). This contradiction 
of findings demonstrates that the exact nature of how motor actions affect our sense of time 
is still not fully understood. A third study demonstrated that the effect of movement on 
temporal perception is not limited to actions that relate to the perceived stimulus; freely 
moving while listening to an external tone has been shown to improve participants’ ability to 
determine the duration of the tone (Wiener et al., 2019). Our initial goal in Chapter 3 was to 
establish temporal precision values for the visual, auditory, and haptic domains to better 
understand the work presented in Chapter 4, and for this reason we did not include a passive 
tactile condition. While our experiment did not capture the precision with which participants 
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could distinguish the temporal order of a beep-flash stimulus pair, we did successfully show 
that participants were far more precise when asked to compare the time of their tap to that 
of an external stimulus, adding to the evidence that a self-generated motor action improves 
temporal precision. An interesting future experiment building off of the work in Chapter 3 
could consider a “beep-flash-tap” condition, wherein participants tap their finger but must 
make a temporal order judgment between the beep and the flash. Improved performance in 
this hypothetical task compared to that in the beep-flash condition would lend additional 
weight to the argument that motor actions enhance time perception. 

 Chapter 4 presents an interesting difference in rhythmic tapping performance 
between conditions wherein the guide and feedback share a sensory modality and conditions 
wherein they differ. Specifically, both tap time precision and synchrony were greater in the 
unimodal conditions than they were in the cross-modal conditions. Furthermore, in our VA 
condition in both experiments, participants were clearly and consistently affected by the 
temporal perturbation of the feedback stimuli. Our findings agree with those of previous 
works which explored the difference in asynchrony between unimodal and cross-modal 
tapping conditions (for example, see Castro-Meneses & Sowman, 2018; Müller et al., 2008). 
Taken together, it seems likely that the negative mean asynchrony is indeed worsened by the 
presence of multiple sensory modalities competing for attention. However, this does not 
explain why participants appear unaffected by feedback perturbation in the unimodal 
conditions, or why the VA condition should elicit such a different response from the AV 
condition. Previous work has shown that participants can better synchronize to an auditory 
guide rhythm than to a visual one (for reviews, see Repp, 2005; Repp & Su, 2013). 
Interestingly, we observed no difference in performance between the VV and AA conditions 
in Experiment 1, and indeed a slightly smaller asynchrony in the VV condition in Experiment 
2, contrary to much of the literature. It is possible that people naturally weight auditory 
information as more important than visual information with regard to temporal perception, 
and that our participants inadvertently confused the guide and feedback to some extent in 
the VA condition. This alone would not explain the results in the AV condition, though the 
effect there is in any case much smaller and may simply be a product of attending to both 
visual and auditory external stimuli simultaneously. 

 

6.3. Interception 

 This thesis concludes with a demonstration, laid out in Chapter 5, that interception 
can be executed using only tactile information. Despite the presence of biases and worse 
precision than generally shown for visual targets, participants were able to determine the 
position and velocity of the target on the arm, and were able to intercept the target as well. 
Perhaps our most surprising finding was the result of the Velocity experiment. While nearly 
all participants were able to distinguish between the three speeds of the target object, they 
also reproduced speeds well over twice as fast as that of the target object. The relatively poor 
precision with which our participants could distinguish the different speeds (median Weber 
fraction of 0.25) is similar to what was found in previous work (Essick et al., 1988), though we 
observed much greater inter-subject variability with regard to precision in our study. While 
much research has been done regarding velocity discrimination on the skin (for example, 
Johnson et al., 1980; Merz et al., 2019; Nguyen et al., 2015), we were unable to find any 
studies wherein participants had to reproduce a felt speed. As we discussed earlier, the biases 
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found in Chapter 2 may be due to a lack of vibrational input. Here we also deliberately 
deprived participants of vibrational input when reproducing a felt speed. We did this to 
emulate the kinds of sensory input that participants would receive during their tapping 
motion in the Position and Interception experiments (where the only tactile feedback occurs 
at the very end of the motion), and to ensure that participants were not accidentally 
reproducing felt distance instead of felt speed. In this way, all three experiments required 
participants to perform a motor action with proprioceptive, but no tactile feedback about 
their performance during the motor action itself. 

 Another interesting finding we encountered was the presence of a spatial bias. In both 
the Position and the Interception experiments, participants showed a slight tendency to aim 
toward the center of the arm. This bias was roughly twice as large in the Interception 
experiment as it was in the Position experiment (though individual biases varied quite a lot in 
the Position experiment), indicating a larger weighting of this bias when trying to hit a moving 
target. A recent study found that participants underestimated the endpoint of a tactile 
stimulus traveling along the forearm (Macauda et al., 2018); while we did not observe an 
effect of stimulus direction as they did, it is possible that the discrepancy in bias size between 
the Position and Interception experiments could at least in part be due to the presence of a 
similar phenomenon in the Interception experiment. Length contraction has been explored 
extensively in the tactile domain, though very often this refers to a contraction of the 
perceived distance between two static tactile stimuli (Goldreich & Tong, 2013; Tong et al., 
2016; Trojan et al., 2014). Some previous work has shown that localization of static stimuli 
should be better near the wrist or elbow, as opposed to the middle of the forearm (Cholewiak 
& Collins, 2003). We did not observe a difference in localization performance across the 
forearm, and we believe that the bias we observed instead corresponds to a perceived “best 
guess” at where an object on the forearm is most likely to be. 

 

6.4. Methodological issues 

 A recurring issue in the studies presented herein is a lack of statistical power. The data 
collection sessions for the studies presented in Chapters 2 and 5 were each conducted in the 
span of a few days, due to scheduling constraints. In the case of Chapter 2, we recruited every 
willing participant who visited our booth at the 2017 ZieZo Beurs (a two-day event) in Utrecht, 
the Netherlands, resulting in over a hundred usable datasets for analysis. Unfortunately, this 
still resulted in very few fully blind participants (seven early-blind and nine late-blind), 
compared to fifty-five normally sighted participants. While we acknowledge the possibility 
that our small and uneven sample sizes may have obscured a small but real effect, we were 
expecting a relatively large effect size which should have shown itself even in our limited data. 
Data collection for the study in Chapter 5 was similarly constrained to two one-week periods 
in late 2016 and early 2017. Due to participant availability, it was difficult to recruit the same 
participants for the Interception experiment as we had in the Position and Velocity 
experiments. Ideally, we would have liked to test individual participant performance across 
the three experiments as a further validation of our model, but we ultimately opted not to do 
this in light of the small number of overlapping participants. The fact that participants were 
nonetheless reasonably consistent was encouraging to us. 

 The experiment in Chapter 2 had participants match a pen in one hand to the position 
of their other hand at three target locations, referred to as the ‘near,’ ‘far’, and ‘side’ targets. 
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A measurement error resulted in the side target for left-handed participants being placed 6.6 
cm farther away from the body midline than intended. Participants did not report any issues 
reaching this target. We attempted to correct for this error in analysis using a scaling factor 
to normalize the values of the line angles for left- and right-handed participants. While we do 
not suspect that this ultimately affected our results, we ideally would have placed the target 
at the correct location when setting up the experimental apparatus. This experiment also 
coarsely grouped participants into categories of visual impairment without controlling for 
cause of blindness or the nature of the gradual decline of many of the participants’ visual 
capacity. While this may not matter as much for the early-blind group who had effectively no 
visual experience, one could argue that the participants in the late-blind, low vision, and high 
vision groups should have been more finely categorized. Finally, given that we had 
participants grasp the reference object between their thumb and pinkie finger, it may have 
been useful for us to measure participants’ hand size in case it had an influence on the drawn 
line lengths.  

 The tap predictor in Chapters 3 and 4 worked reasonably well, but it was not without 
flaws. In particular, while all our participants reported no neurological abnormalities, we 
discovered that some people’s hands tended to shake more than others, resulting in false 
positives when these participants held their index finger in the air. In these cases, the 
predictor detected the downward motion of the shake as the beginning of a finger tap, 
resulting in the production of beeps or flashes at times when the participant had not intended 
to tap. This occurred regularly for some participants, resulting in their exclusion from analysis. 
Participants also varied in the way that they tapped, despite our consistent instructions to 
make large, fast movements with the finger. Even after such instructions, some participants 
moved their finger quite slowly or barely lifted their finger from the table. After discovering 
during analysis that the predictor could not cope with these kinds of motions, we opted to 
exclude these participants as well. 

The narrow time window in which the predictor could estimate tap times also meant 
that we had to constrain the time range in our experiment in Chapter 3. We suspect that 
considering a larger time range for the BF condition would provide us with more accurate 
information concerning people’s temporal precision in this task, but we chose to keep the 
temporal range consistent between the three conditions. Unfortunately, we cannot reliably 
deliver stimuli more than 50 ms before the actual tap time with our predictor, so we chose to 
constrain the range for all three conditions to -50 to 50 ms. Researchers have previously 
predicted the timing of finger taps using a force-feedback device strapped to the finger 
(Rohde & Ernst, 2013). While the researchers were able to generate stimuli as early as 200 
ms before button press, their predictor’s precision was also found to be relatively low. Their 
method would be very useful in exploring the difference between active and passive motor 
actions by including a condition wherein the device moves the finger, in addition to the 
already present condition wherein the participant taps normally. Previous work has also 
shown that it is possible to simulate anticipatory feedback via adaptation (Sugano et al., 
2010). The researchers’ participants adapted to feedback lags of up to 150 ms for both visual 
and auditory stimuli, such that any smaller lag was perceived as feedback occurring before 
their own finger tap. A combination of these researchers’ adaptation procedure and a tap 
predictor could allow us to deliver stimuli that are perceived to occur even earlier, which in 
particular would be useful for expanding the temporal range in temporal order judgment 
experiments involving self-generated motor actions. 
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We observed a difference in the precision of our tap predictor between Chapters 3 
and 4, which may shed some light on ways to improve the predictor itself. In Chapter 4, 
participants were instructed to tap rhythmically for roughly ten minutes at a time, resulting 
in fast, consistent finger taps. In Chapter 3, participants performed one tap at a time and had 
to pause to consider the order of events that had just occurred. Their taps tended to be slower 
and more hesitant in this experiment. It may be possible to get better performance out of our 
tap predictor by having participants perform multiple rhythmic taps before being presented 
with an external stimulus, whose timing they would then have to compare with the most 
recent tap. Further research in this direction would generally benefit from developing a more 
robust tap prediction method capable of predicting further in advance, or otherwise 
circumventing this with the inclusion of an adaptation phase. 

 In Chapter 4, we arbitrarily chose perturbation periods of 20 and 40 taps for 
Experiments 1 and 2, respectively. It would have been better to keep this value consistent 
across the two experiments, as well as possibly testing with multiple periods in order to 
properly measure lag effects. With this said, we do not expect that our choice of perturbation 
period had an effect on our results. 

 This thesis has demonstrated that vision, audition, and haptics interact intricately to 
inform us accurately about the state of the world around us. We have demonstrated that 
spatial perception of the world immediately around us develops and functions in the absence 
of vision, even in ecologically unlikely scenarios. Furthermore, we have confirmed that 
temporal perception, and the precision thereof, function best in the presence of motor 
actions coupled with auditory stimuli. We found that people can most accurately tap along 
with a guide rhythm when the guide and feedback share a sensory modality, and that 
perturbed feedback can alter people’s tap times if the feedback and guide differ in modality. 
Finally, we show that interception, which is dependent on both spatial and temporal 
perception, can be reliably performed with only tactile input, and that we execute this action 
similarly to a visual interception task. 
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 Our perception of the world around us depends on input from many sense organs 
working together. In particular, our senses of vision, hearing, and touch are crucial for sensing 
the present state of our environment. Each sense is particularly suited for certain kinds of 
information, which we compile in order to perform simple and complex motor tasks. For 
example, normally sighted individuals rely in large part on the visual system to determine the 
locations of, and interact with objects in our environment, but we are also able to reach for 
and manipulate objects in the dark by relying on haptic inputs. Our sense of timing of brief 
events, which for example is necessary for actions such as singing, dancing, and playing 
musical instruments, is largely informed by auditory and haptic input, but in cases such as 
orchestral performances the players must synchronize with the visual signals of the 
conductor. Interception, a common action in sports, is commonly thought of as a visually 
guided task, though many animals use olfaction, echolocation, or electroreception to hunt. It 
is therefore not immediately clear if, or why, interception should be only possible in the visual 
domain for humans. These questions led us to wonder how each of our senses informs our 
ability to perform certain tasks, and how generalizable these tasks are to other, less common 
sensory modalities. 

 We conducted four studies to understand the influence of our senses on space and 
time, as well as how we combine spatial and temporal information in an interception task. 
The study conducted in Chapter 2 concerns our perception and ability to act in the space 
within reach of our own bodies. We hypothesized that blind individuals would perform 
differently in a line-drawing task from blindfolded sighted individuals, due to a lack of 
development of visual experience. We set up a booth at the ZieZo Beurs in Utrecht and 
collected data from 132 participants, all of whom were attendees of the convention. These 
participants, whose visual capacity ranged from being fully blind to being normally sighted, 
were instructed to perform a series of tasks, wherein they matched the location of a pen in 
their hand to that of their other hand under the table, and then drew lines of a specific length 
in a specific direction. We were surprised to find no differences in performance, with regard 
to positioning of the pen, or the length or angle of the drawn lines, between our groups. We 
conclude that the development of visual experience has no effect on people’s sense of the 
space around their own bodies. 

 Chapter 3 explores the precision with which we can determine the timing of brief 
events, across differing sensory modalities. It is well known that we have better temporal 
precision for auditory and haptic stimuli than for visual ones, but the extent to which motor 
actions play a role in our perception is not yet fully understood. We developed a novel 
method to track the position of participants’ index finger and predict when they would 
perform a finger tap, before said tap actually occurred. Using this method, we set up a 
temporal order judgment task, wherein participants had to determine which of two brief 
stimuli occurred first. The experiment consisted of three conditions, each of which explored 
a different stimulus pair: a flash-tap condition, a beep-tap condition, and a beep-flash 
condition. We found that participants were most precise in the beep-tap condition, followed 
by the flash-tap condition. Participants’ precision in the beep-flash condition was much 
poorer, to such an extent that our experiment could not accurately capture it. Our findings 
contribute to growing evidence that self-generated motor actions benefit precise temporal 
perception. 
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 In Chapter 4 we discuss a rhythmic tapping task, meant to explore the effect of 
perturbed feedback on participants’ ability to synchronize with a simple guide rhythm across 
different sensory modalities. Most rhythmic tapping studies involve an auditory guide 
rhythm, and provide participants no feedback about their own performance (except for the 
haptic information given by tapping). Our study considered the effect of both visual and 
auditory guide stimuli. Each time the participant tapped their finger, they also caused a visual 
or auditory stimulus to occur. We used the same tap predictor as in the previous chapter to 
modify the exact timing of this feedback stimulus, such that it could occur too early or too 
late, relative to the finger tap. We found that in conditions where the modality of the guide 
and feedback differed, participants showed a greater bias and worse precision in trying to 
follow the guide than in conditions where the two modalities were the same. Particularly in 
the visual-auditory condition, the timing of participants’ taps relative to the guide was 
dragged along with the offset of the feedback. Taken together, this indicates that participants 
rely more on the feedback in the cross-modal conditions than in unimodal conditions, and 
that they synchronize best with the guide when external stimuli are limited to a single sensory 
modality. 

 The thesis concludes with a task which requires a sense of both space and time to 
execute successfully. In Chapter 5, we carried out a study on interception in the tactile 
domain. Interception in humans is usually a visual endeavor, as our visual system is best suited 
to track fast and distant objects. It has previously been shown that people’s ability to hit or 
catch a moving object can be predicted from how precisely they can determine both the 
object’s position at any given time, as well as its speed. In our study, we sought to determine 
whether interception could also be executed on the basis of tactile information, and if so, 
whether people’s performance similarly depended on a combination of position and velocity 
information. In each of our experiments we blindfolded participants and used a robotic device 
to deliver stationary or moving tactile stimuli to the participants’ left arm. The study consisted 
of three experiments: one to see how precisely participants could locate a stationary target 
they felt on their arm, one to test their ability to move their hand at the same speed as a 
moving target, and finally, one wherein they had to hit the target as it moved along their arm. 
Our results showed that participants could locate the static target on the arm, albeit with 
relatively poor precision; that they were able to distinguish between the various velocities of 
the moving object; and that performance in the Interception experiment could be predicted 
based on performance in the Position and Velocity experiments, similarly to what is found in 
visual interception experiments. 

 Our studies have shed new light on how we perceive the state of the world around us. 
We have shown in Chapters 2 and 5 that spatial perception and interception, while often 
informed via the visual system, are at the same time not always dependent on it. We found 
in Chapter 3 that people are far more precise at comparing the timing of a self-generated 
motor action and that of an external stimulus than they are at comparing the timing of two 
external stimuli. In Chapter 4 we showed that participants rely more on feedback during 
cross-sensory rhythmic tapping tasks than in unisensory ones, and that people’s ability to 
maintain rhythm is hindered when they are asked to pay attention to external stimuli of more 
than one sensory modality. 
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