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Representing numerosity through vibration
patterns

Myrthe A. Plaisier, Raymond J. Holt and Astrid M.L. Kappers

Abstract—It can be useful to display information about numerosity haptically. For instance, to display the time of day or distances
when visual or auditory feedback is not possible or desirable. Here we investigated the possibility of displaying numerosity information
by means of a sequence of vibration pulses. From previous studies on numerosity perception in vision, haptics and audition it is known
that numerosity judgment can be facilitated by grouping. Therefore, we investigated whether perception of the number of vibration
pulses in a sequence can be facilitated by temporally grouping the pulses. We found that indeed temporal grouping can lead to
considerably smaller errors and lower error rates indicating that this facilitated the task, but only when participants knew in advance
whether the pulses would be temporally grouped. When grouped and ungrouped series of pulses were presented randomly
interleaved, there was no difference in performance. This means that temporally grouping vibration sequences can allow the sequence
to be displayed at a faster rate while it remains possible to perceive the number of vibration pulses accurately if the users is aware of

the temporal grouping.

Index Terms—YVibration pulse sequences, Perceptual judgment, Numerosity perception, Haptic perception

1 INTRODUCTION

IBRATION is used in many personal devices such as
Vsmartphones, smart watches and fitness bracelets. Of-
ten series of vibration pulses are used to convey informa-
tion to the user. For instance, the Timebuzz app allows
to display the time on a smart watch via a series of vi-
bration pulses (www.timebuzz.nl). This app is especially
useful for individuals with a combination of visual and
auditory impairments. There are different ways to encode
the time using vibration pulses. In the Timebuzz app several
encodings are available. Telling time by vibration pulses
can be improved with training [1], but reaching a hundred
percent correct time recognition might take many hours
of training. Another example is ActiVibe. This is a set of
vibrotactile icons that consists of varying numbers of vibra-
tion pulses that convey information about fitness progress
[2]. Understanding how vibration pulse sequences should
be structured to facilitate perception can make applications
more user friendly and easier to learn to use. In a series of
pulses often the number of pulses is relevant as this can be
used to haptically convey information about quantities or
distances. Therefore, we focussed on the perception of the
number of vibration pulses.

Visual judgment of large numbers of items (ie. >4)
can be facilitated by clustering these items together into
smaller groups [3], [4]. For instance, the six dots on a
die are distributed over two groups of three dots. This
spatial arrangement could be recognised making it easier
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to determine the number of dots. A similar facilitation effect
has been shown in haptic perception [5]. When participants
were asked to judge a number of spheres in the hand,
they were faster and more accurate when the spheres were
distributed over the two hands instead of all grasped in the
same hand. It has been suggested that this is because small
numbers of items are processed through a more efficient
cognitive mechanism than counting. This mechanism has
been labeled subitizing [6]. Subitizing was first found in
visual perception, but more recently it has also been shown
to exist in haptic perception [7], [8] and there is evidence
that a similar mechanism also occurs in auditory perception
[9]. See [10] for a recent review of subtitizing in the various
perceptual modalities. Generally the idea is that each sub-
group can be subitized and added to the running total. This
results in faster response times and lower error rates than
counting all items sequentially.

Not all types of stimuli, however, can be subitized. In
that case, counting is used also for the smallest numerosities.
In a recent haptic study, it was found that spatially grouping
items also facilitated numerosity judgment for stimuli that
cannot be subitized [11]. This is an example that grouping
of items can also facilitate numerosity judgment due to
other reasons than the occurrence of subitizing. It has been
suggested that spatial pattern recognition may play a role
in this facilitation. Especially in the case of using fixed dot
patterns such as on a die people might, of course, recognise
the pattern [12]. Often this is studied in the context of a
spatial pattern, however temporal patterns might also fa-
cilitate numerosity judgment. While in the aforementioned
studies all the items to be enumerated were always pre-
sented simultaneously, one can also enumerate sequentially
presented items. In the current study we are interested in
numerosity judgment of series of vibration pulses, which
means that items are presented sequentially. This is quite
similar to how auditory stimuli are often delivered.
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In audition, sequential presentation of a number of tones
has been used to investigate numerosity perception in sev-
eral studies [9], [13], [14]. When presenting items sequen-
tially, participants might automatically resort to counting.
To prevent counting, the items are presented with only short
intervals in between. Some of these studies have reported
low error rates and/or fast response times for up to 2 or
3 items suggesting that a subitizing-like cognitive process
might play a role here. A more recent study, however,
indicates that spatially distributed stimuli can be subititized
but not sequentially presented stimuli [15]. Nonetheless, it
has been found that grouping by varying the frequency of
the sound facilitated numerosity judgment of sequentially
presented tones [13]. This indicates that indeed grouping
can facilitate numerosity judgement of sequentially pre-
sented items regardless of whether sequentially presented
stimuli can be subitized. An important aspect of sequentially
presented items is rhythm. As rhythm is a temporal pattern,
it could facilitate numerosity judgment in a similar way as
spatial pattern recognition has been suggested to play a role
in visual numerosity judgment [16].

Most studies on haptic numerosity judgment used si-
multaneously presented stimuli. In one of the few previ-
ous studies on haptic numerosity judgment using vibration
pulse sequences the influence of the time interval between
pulses was studied. It was found that judging numerosity
became more difficult with smaller time intervals between
vibration pulses [17], [18]. When the time between pulses
was less than 100 ms participants made many mistakes in-
dicating that they could no longer reliably count the pulses
in the sequence. So increasing the time between vibration
pulses is a way to lower error rates of the numerosity per-
ception. Another way would be to use multisensory stimuli
because Philippi and colleagues found that sequentially
presented tactile taps are systematically underestimated and
that this underestimation can be reduced by using multisen-
sory stimuli [19].

In the current study we set out to investigate whether
grouping by means of adding rhythm to a sequence of vi-
bration pulses facilitates perception of the number of pulses.
To this end we presented fast series of vibration pulses and
varied the time intervals between the pulses.

2 EXPERIMENT 1
2.1 Method

2.1.1 Participants

A total of 11 participants participated in this experiment
(one female, age range 22 — 29, five left-handed). The data
of one of these participants were omitted from the analysis
because this participant had a 0% error rate for all trial
types in the practice phase and performed the experiment
with the vibration pulse sequences at a higher pace than
the others. This means that the data are not comparable.
All participants were students of Eindhoven University of
Technology and received financial compensation for their
participation. They signed informed consent prior to the
start of the experiment and the study was approved by
the ethical committee of the Human Technology Interaction
group of Eindhoven University of Technology.

2

2.1.2 Setup and stimuli

The hardware consisted of a micro controller (Arduino
nano) and a vibration motor (Adafruit mini motor disc). The
vibration motor was 10 mm diameter and 2.7 mm thick. The
vibrator was switched on by providing 5V to the digital pin
of the micro controller to which it was connected.

The vibrator was taped to the middle of the volar side
of the left forearm of the participant. A vibration pulse
lasted 100 ms and the duration of the break depended on
the condition (minimum 60 ms and maximum 107 ms).
These intervals was chosen such that each vibration pulse
was clearly noticeable, while the sequence was too fast
to be counted reliably. This ensured the task was difficult
enough to be able to use the error rates as performance
measure. Between groups of vibrations a 150 ms break
was introduced. Different numbers of vibration pulses were
presented (1, 2, 3 .9 pulses). There were three trial types:
ungrouped, ungrouped-equal duration and grouped. In this
context “ungrouped” means that all vibration pulses in
the sequence were delivered with homogeneous temporal
spacing. In the “"grouped” case we introduced variation in
the temporal spacing to divide the sequence into subgroups.
In the ungrouped trials the break between pulses was alway
60 ms. In the grouped trials the break between pulses was
60 ms and the break between groups was 150 ms. Finally,
in the ungrouped-equal duration the break between pulses
was chosen such the total duration of the sequence for a
specific number of pulses was the same as the duration of
the grouped equivalent. The break between pulses in the
ungrouped-equal duration trials varied with the number of
pulses and is shown in Table 1. In the grouped sequences
the size of a group was 2 or 3 pulses. The different grouping
arrangements are shown in Table 1. For example, a grouped
trial with four items in Experiment 1 meant that one pulse
of 100 ms was displayed followed by a break of 60 ms and
a second pulse of 100 ms. After the second pulse a break of
90 ms was introduced followed by a 100 ms pulse, a break
of 60 ms and a fourth 100 ms pulse. Due to a programming
error the ungrouped-equal duration trials for 7, 8 and 9
pulses were not exactly the same duration as the grouped
trials. The breaks for these trials were maximally 15 ms
(18%) shorter than they should have been. The breaks in
Experiment 2 were the correct duration for all numerosities.
Each numerosity was presented 10 times for each trial type.
The order of the groups was randomly shuffled, so 5 pulses
could be 3-2 or 2-3. For the ungrouped trials 1,2, 3 ... up to
9 pulses were presented. For the grouped and ungrouped-
equal duration 4,5 .. up to 9 pulses were presented. All trial
types were presented randomly interleaved in a blocked
fashion (in a block all trials types were presented in random
order) to ensure that all trial types were homogeneously
distributed over the experimental session.

In principle participants could distinguish 1, 2 and 3
pulses by the duration alone. To test whether they really
perceived 2 or 3 separate pulses we included catch trials.
These were trials in which a single pulse was presented with
the same duration as the 2 or 3 pulse trials. Catch trials were
repeated 10 times per pulse duration, so 20 catch trials in
total.

Page 2 of 11
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TABLE 1
Grouping configuration of the grouped trials. In Experiment 1 the order of the groups was randomly shuffled. In Experiment 2 the order of the
groups was always as indicated here. The time between pulses for each numerosity in the ungrouped-equal duration trials is indicated in the last
two columns for Experiments 1 and 2, respectively.

Number of pulses | Groupl Group2 Group3 | Break Exp 1 (ms) | Break Exp2 (ms)
4 2 2 90 107
5 3 2 82 100
6 3 3 78 96
7 3 3 1 75 107
8 3 3 2 73 103
9 3 3 3 71 100

2.1.3 Experimental procedure and design

Participants were instructed to verbally report the number
of vibration pulses that were presented. The experimenter
entered the response into the computer and started the next
trial. Participants wore earmuffs during the experiment to
remove sounds that were produced by the vibrator. The
vibrator and the vibrations were not visible due to the tape
with which it was attached to the arm. Participants were
informed about what the maximum number of pulses was
and that the trials could be temporally grouped or not. Prior
to starting the experiment participants performed a practice
session in which each numerosity in each trial type occurred
twice in blocked random order just as in the main experi-
ment. During the practice sessions they received feedback
on what the correct answer was. They did not receive such
feedback during the main experiment. The experimenter
notified the participant prior to starting a new trial during
both the practice trails as wel as the main experiment.

2.1.4 Vibration pulse characterisation

The vibration motors used in this study were cheap low
quality motors. These are used in many commercial ap-
plications because they are cost effective. We want our
findings to be easily extrapolated to existing devices with
a vibration motor incorporated. Furthermore, this study
was part of a large scale European project (SUITCEYES,
www.suitceyes.eu) in which an application is being devel-
oped that will incorporate the specific vibration motors used
here. Because the specs of these vibration motors are largely
unknown measurements using an accelerometer were per-
formed.

The vibration motor was taped to the forearm in the
same way it would be during the experiments and an ac-
celerometer (Adafruit ADLX345) was attached to the top of
the vibration motor sampling at 667 Hz. Several sequences
of vibration pulses that were representative of the ones used
in the experiment were provided while collecting data from
the accelerometer. Fast Fourier Transform (FFT) was used
to determine the vibration frequency and the waveform
envelope was determined using a Hilbert Transform. The
waveform envelope was subsequently smoothed using a
sliding window of 16 ms. The envelope wraps each of the
vibration pulses. Each vibration pulse is considered to be
an item to be counted by the participants. Examples of
the waveform for a grouped, ungrouped and ungrouped-
equal duration sequence are shown in Figure 1A. Shown
are accelerations in the direction along the forearm. In the
example in FigurelA it can be seen that the envelope has 4
peaks, which means that the correct answer to the number

of vibration pulses would be 4. The average vibration fre-
quency during a pulse was determined to be 105 £ 2.8 (SD)
Hz. The power spectral density is shown in FigurelB for a
grouped sequence with 4 pulses. It can be seen that the peak
is slightly above 100 Hz. From the determined waveform
shown by the blue line in FigurelA it was estimated what
the duration of the break between pulses was. For shorter
breaks, the motor did not actually come to a rest before
being started up again. Accordingly, to estimate the break
duration a threshold value was chosen as the value of the
acceleration below which the motor was considered off.
Because the choice of this threshold is arbitrary and the
calculated break duration will be influenced by the choice of
the threshold value, we calculated the duration of the break
for a range of threshold values. Figure 1C shows the actual
duration of the break as a function of the intended duration
for different threshold values. Each target duration was
sampled a minimum of 9 times and maximum of 57 times.
This differed per target duration because we measured a
subset of the signals as they were actually presented in
the experiments. Linear regression showed that the targeted
break duration and measured break duration followed a
linear pattern and the slope was comparable for the different
thresholds.

2.2 Results

The error rates are shown in Figure 2A for all trial types.
The error rate is defined as the proportion of trials that was
answered incorrect. This was determined per numerosity for
each participant. It can be seen that for most participants the
error rates increased rapidly after 2 or 3 pulses. However,
the median error rate for 3 pulses is already at 25% and the
error bar for 2 pulses indicates that there were participants
who also made already quite some mistakes for 2 pulses.
The catch trials were, however, always correctly identified
as 1 pulse (error rate of 0%). The trials with two pulses were
mistaken for being only 1 pulse in on average 1% of the
trials and 3 pulses were never mistaken for being 1 pulse.
This indicates that participants could reliably distinguish a
single long pulse from 2 or 3 separate pulses. Overall, the
error rates for the grouped trials were somewhat lower than
for the ungrouped trials, but the error bars also indicate
that there was quite some variability between participants.
As error-rates do not follow a normal distribution, non-
parametric statistical tests were used. A paired Wilcoxon
signed rank test comparing the error-rates for the grouped
and ungrouped-equal duration trials showed no significant
difference (V = 13,p = 0.15). Also a comparison between
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Fig. 1. Characterisation of the vibration pulses. A) shows examples of
grouped, ungrouped and ungrouped-equal duration sequences with the
blue line indicating the determined envelope. B) Power spectral density
for a grouped sequence with four vibration pulses. C) Measured break
duration as a function of targeted break duration for different threshold
values. Threshold values represent the value of the acceleration below
which the motors was classified as off. The error bars indicate the stan-
dard deviation. The black dashed line indicates the unity line. Coloured
lines indicate linear regression.
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the ungrouped trials and the ungrouped-equal duration
trials showed no significant difference (V' = 44,p = 0.11).

For each participant we calculated the median response
as a function of the number of vibration pulses. The median
was used here as it is less sensitive to outliers than the
mean. In Figure 2B the average responses as a function of
the number of pulses are shown. For numerosities larger
than 3 the responses were systematically below the identity
line indicating that participants underestimated the number
of pulses. No clear differences between the trial types are
visible. Underestimation is a very common finding in when
participants are counting, as participants are more likely to
fail to count an item than to count an extra item.

Next, we calculated the absolute error (i.e. unsigned
error). It is important to look at the absolute errors because
they reflect how close participants” answers were to the pre-
sented numerosity. When looking at signed errors, under-
and over-estimations can average out resulting in a small
average error while their answers were quite far off from the
presented numerosity. The absolute error that participants
made is shown in Figure 2C as a function of the number of
items. The absolute error for the grouped trials seems to be
systematically smaller than for the other trial types, but this
difference is small and variability is considerable. In Figure
2D the absolute error is shown pooled over all numerosities.
Because the absolute error does most likely not follow a
normal distribution we opted for non-parametric tests. Two
paired Wilcoxon signed rank tests were performed on these
data to test whether there were differences between the
trial types. First it was tested whether the ungrouped and
ungrouped-equal duration differed. In the ungrouped-equal
duration trials the breaks between pulses were longer and
this may have facilitated the task. The paired Wilcoxon
signed rank test showed that the absolute error was sig-
nificantly smaller in the ungrouped-equal duration trails
(V = 5,p = 0.02). A second paired Wilcoxon signed rank
test was performed to test whether there was a differ-
ence between the ungrouped-equal duration trials and the
grouped trials. This test did not show a significant difference
(V =40,p = 0.23).

2.3 Discussion

The results of Experiment 1 did not reveal a clear advantage
for temporally grouped vibration pulses. Inspection of the
individual participants’ data revealed that for 3 out of the
10 participants the error rates for the grouped trials were
systematically lower than for the ungrouped trial types.
However, for the other participants there was either no clear
difference or it was even in the opposite direction. Upon
debriefing these participants indicated that they did not like
the grouped trials because these were harder to sequentially
count and they did not know in advance whether a trial
would be grouped or not. In an applied setting grouped and
ungrouped sequences would not be randomly interleaved.
In fact, the user would most likely be aware of how the
pulses would be grouped. Therefore, we decided to perform
a second experiment in which grouped and ungrouped
trials were presented in a blocked fashion.

Another thing that stood out in the single participants’
data was that some participants already had a considerable
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Fig. 2. Results of Experiment 1. Error bars indicate the 25% to 75%
intervals. A) The median error rates as a function of the number of
pulses B) The median of the average response given by each participant
as a function of the number of pulses. The dashed line represents the
identity line. C) The median of the average absolute error made by
each participant as a function of the number of pulses. D) Boxplot of
the average absolute errors pooled over the number of items. The thick
horizontal line indicates the median, the box indicates the 25% to 75%
interval and the whiskers indicate the 25% and 75% intervals minus
or plus 1.5 times the inter-quartile range. Dots indicate the individual
participants’ data (dots are jittered for clarity).

error rate for 2 and 3 pulses. If they already have difficulty
identifying these small numerosities, then grouping larger
numerosities into groups of 2 or 3 pulses would not be
expected to decrease the error rate. We decided to increase
the time between vibration pulses in Experiment 2 to make
it easier for participants to perceive 2 and 3 pulses.

3 EXPERIMENT 2
3.1 Method
3.1.1 Participants

A new group of 10 participants participated in Experiment
2 (5 female, age range 19 — 27, all right-handed). All partici-
pants were students of Eindhoven University of Technology
and received financial compensation for their participation.
They signed informed consent prior to the start of the
experiment and the study was approved by the ethical
committee of the Human Technology Interaction group of
Eindhoven University of Technology.

3.1.2 Stimuli and Procedure

The same setup as in Experiment 1 was used. The stimuli
were largely the same as for Experiment 1. However, in Ex-
periment 2 we only included the ungrouped-equal duration
trials and grouped trials. This time we included trials with
1, 2, and 3 pulses in the block of ungrouped-equal duration
trials as well as the block of grouped trials. In these trials

Transactions on Haptics
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with 1, 2 or 3 pulses, the break between pulses was always
80 ms. In the grouped trials the break between pulses was
also 80 ms, while the time between groups was 160 ms. To
make the ungrouped-equal duration trials the same length
as the group trials the time between pulses now was again
varied and the time between pulses is in shown in Table 1.
In contrast to Experiment 1 the groups were not randomly
shuffled. For instance, the order of the groups for 5 pulses
was always first 3 pulses followed by 2 pulses. Also, we did
not include any catch trials in this experiment.

The procedure was the same as in Experiment 1 except
that the different trial types were performed in separate ex-
perimental blocks. The order of the experimental blocks was
counterbalanced over participants. Within the experimental
blocks the trials were presented in blocked random order.
This was also the case for the practice sessions. Also, the
vibration motor was secured to the arm with an elastic band
instead of taping it. Prior to starting the grouped condition
the participants were shown a table indicating the grouping
arrangement of the pulse sequences (e.g. 3 — 2 for 5 pulses).
Like in Experiment 1 the participants performed a practice
session with feedback. They practiced the grouped and
ungrouped trials directly before starting the corresponding
experimental block.

3.2 Results

The median error rates over participants for both trials types
are shown in Figure 3A as a function of the number of
pulses. It can be seen that the grouped trials consistently
had a lower error rate than the ungrouped-equal duration
trials. For 9 pulses the grouped trials even had a median
error rate of about 15% while the ungrouped-equal du-
ration trials had a median error rate of about 65%. The
error bars indicating the 25% to 75% intervals show that
also in this experiment there was quite some variability
in the error rate between participants, but the error rates
for the grouped trials were consistently lower than for the
ungrouped-equal duration trials (paired Wilcoxon signed
rank test, V' < 0.001,p = 0.009). The median average
response is shown in Figure 3B. It can be seen that there
was systematic underestimation in the ungrouped-equal
duration trials only. This makes sense because the error rates
were quite low for the grouped trials. In Figure 3C it can
be seen that the absolute error was consistently lower for
the grouped trials than the ungrouped-equal duration trials
for all numerosities. Figure 3D shows the same data pooled
over all numerosities. A paired Wilcoxon signed rank test on
these data showed that the absolute error was significantly
lower in the grouped trials than in the ungrouped-equal
duration trials (V = 51, p = 0.02).

3.3 Discussion

The results of Experiment 2 show a clear advantage for
the grouped condition. The error-rates and absolute error
were lower in the grouped condition than in the ungrouped
condition. That we did not find a clear difference in Exper-
iment 1 indicates that it is necessary to know in advance
whether the sequence will be temporally grouped for there
to be an advantage for the grouped sequences. This suggests
that participants picked either a strategy of sequentially
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Fig. 3. Results of Experiment 2. Error bars indicate the 25% to 75%
intervals. a) the median error rates as a function of the number of pulses
b) The median of the average response given by each participant as
a function of the number of pulses. The dashed line represents the
identity line. c) The median of the average absolute error made by
each participant as a function of the number of pulses. d) Boxplot of
the average absolute errors pooled over the number of items. The thick
horizontal line indicates the median, the box indicates the 25% to 75%
interval and the whiskers indicate the 25% and 75% intervals minus
or plus 1.5 times the inter-quartile range. Dots indicate the individual
participants’ data (dots are jittered for clarity).

counting, or counting pulses per group and add those to
a running total. Apparently, they picked the strategy in
advance. This is in line with what some participants in
Experiment 1 reported upon debriefing as they said that
they disliked not knowing in advance whether the sequence
would be grouped.

4 GENERAL DISCUSSION

The results from both Experiments 1 and 2 showed that for
the ungrouped vibration pulse sequences it became rapidly
more difficult to judge the number of vibration pulses for
more than 2 or 3 pulses. For the larger numerosities under-
estimation occurred. Underestimation of numerosities that
can not be reliably counted is quite common in numerosity
judgment studies in general and has also been reported in
haptic judgment of sequentially presented items specifically
[19]. In the same study it was shown that this underes-
timation decreased (i.e. judgement was more accurate) if
a multisensory stimulus was used in which numerosity
information was also presented via an auditory channel.
Here we show that temporal grouping of vibration pulse
sequences makes numerosity judgment more accurate. In
Experiment 2 the error rates decreased on average from
well above 50% to about 15% for 9 vibration pulses. For
some participants, the error rates even dropped to zero for
the grouped sequences. Consequently, also the systematic
underestimation disappeared. This shows that temporal

6

grouping facilitates numerosity judgment of vibration pulse
sequences considerably.

Interestingly, we only found a statistically reliable ad-
vantage for numerosity judgement of grouped sequences
in Experiment 2. Inspection of each individual participant’s
data in Experiment 1 showed that for 3 out of 10 par-
ticipants there was a clear decrease in error rates for the
grouped sequences. For the other participants there was
no clear difference and one even seemed to perform worse
for the grouped than the ungrouped sequences. The main
difference between Experiments 1 and 2 was that in Ex-
periment 2 the grouped and ungrouped conditions were
performed in a blocked fashion instead of randomly inter-
leaved. This means that participants anticipated the pulses
being grouped and this helped to take advantage of the
fact that the pulses were grouped. This suggests that the
advantage was caused by the use of a cognitive strategy
that was not automatic.

In a previous study numerosity judgment of vibra-
tion pulse sequences was investigated for signalling fit-
ness progress [2]. It was found that numerosity (or
amount/duration etc) is generally better encoded using
sequences varying in the number of short pulses rather
than using one pulse that varies in duration only. How-
ever, this also depends on whether several numbers are
communicated in quick succession and also whether there
was a distractor task [20]. Another study on numerosity
judgment of vibration pulses did show that numerosity
judgment was easier when vibration pulses were presented
to fingers of the two hands instead of fingers of the same
hand [17]. This might be considered as spatial grouping
of the vibration pulses. However, they did not find any
evidence of subitizing for these stimuli. Our current study
was not designed to determine whether subitizing occurs
for numerosity judgment of sequences of vibration pulses,
but given previous findings it seems unlikely that temporal
grouping facilitated numerosity judgement because it en-
abled subitizing of the subgroups.

One way in which temporal grouping facilitates nu-
merosity judgment is that it introduces a rthythm. For audi-
tion it has been suggested that sequentially presented stim-
uli might be processed by ‘sequential subititizing’ [21]. So,
by introducing rhythm it might be that the subgroups in the
grouped trials in our study could be subitized and added to
a running total. This would be faster and more accurate than
counting all pulses in the sequence. Auditory studies have
found that numerosity judgment becomes rapidly more dif-
ficult for numerosities above 2 or 3 suggesting a subitizing-
like process for sequentially presented stimuli [9], [13],
[14]. Recent research, however, suggests that sequentially
presented auditory stimuli cannot be subitized [15]. Still,
grouping sequentially presented tones using differences in
pitch has been reported to facilitate numerosity judgment
[13]. This facilitation might, however, not have been due to
subitizing.

Although the current study was not specifically designed
to detect whether subitizing occured, our results suggest
it is not likely that it did. Subitizing is usually considered
to be an automatic process, so it would be expected to
occur also when grouped and ungrouped sequences were
randomly interleaved. However, in Experiment 1 we did
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not find a difference between grouped and ungrouped trials.
Only when we told participants beforehand whether trials
would be grouped in Experiment 2, did we find a difference.
This suggests a strategy that was cognitively penetrable and
chosen before the stimulus was presented. One possibility
is that rhythm allowed for keeping the groups of pulses
in memory and enabled counting of the pulses after the
sequence had been presented. This idea would also fit
with our finding that temporal grouping only facilitates
numerosity judgment if participants know beforehand that
the pulses would be grouped. They would have to choose
between trying to keep up with the pulses while counting
them as they were presented or trying to memorise the
rhythm and count later.

Another way in which temporal grouping might have
facilitated numerosity judgment in our study is through
pattern recognition. Each numerosity had a specific way
in which it was grouped and thus a specific rhythm. For
instance, in vision it has been shown that pattern recognition
can play a role in numerosity judgment [12]. So, participants
in our study might have recognized the specific rhythm
for each numerosity. Rhythm possibly made the different
numerosities more distinguishable. Vibration patterns are
often used to design haptic icons. These are short tangible
stimuli that can be associated with a certain meaning. It
has been shown that using rhythm can help in designing
large sets of icons, while keeping all of these items clearly
distinguishable [22].

Overall, our results show that determining the number
of vibration pulses in a sequence can be facilitated by tem-
porally grouping the pulses under certain circumstances.
Specifically, this is the case if participants are aware of the
temporal grouping of the pulses. In the case that pulses
are presented always using the same temporal grouping,
grouped sequences can be presented faster than they can
be sequentially counted while still allowing high precision
in determining the number of pulses. This provides a faster
way of communicating numerosity information to the user.
Potentially, this might also lead to a lower cognitive load,
making devices that present vibration pulse sequences less
tiring to use.
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Editor Comments

Associate Editor
Comments to the Author:

The reviewers are happy with the revisions to the paper in light of earlier feedback. A
few minor points still need to be addressed and then the paper will be ready for
publication.

We are happy that the reviewers are positive.

The main point raised is with respect to additional clarification of statements in the
discussion relative to the design of E1 and E2, of the accessibility of the temporal
structure and participants internal hypotheses with respect to this source of
information. Please carefully reconsider the construction and communication of this
information in the text.

Please find our point-by-point response to the remaining comments of
Reviewer #3 below.

Reviewer: 3
Recommendation: Author should prepare a minor revision

Comments:

The current study is well written and easy to read. It is clear from the introduction that
the authors want to understand how the rate at which pulses are displayed plays a role
in the perception of these pulses by the participants.

The review will be divided as follows: Main idea/Discussion; Procedure; Stimuli;
Spelling mistakes.

Discussion:

Note that the following paragraph is intended to help the reader understand all the
features of this study.

The conclusion seems to go a bit too far in terms of the results. As mentioned, the main
difference between the two experiments (E1 and E2) is that the conditions involved
were performed randomly mixed in E1 and separately in E2. It has also been said that
this difference shows the importance of knowing in advance what the pace of the
stimulus will be, which means that without this information, the participants had no
possibility of obtaining better results with any temporal substructure. Here the
participants have a huge hypothesis in E2. This shows the significant impact of the
participant's expectation, visible in the comparison between the ungrouped-equal type
in E1 and E2 and the grouped type in E1 and E2.

This information appears to be the most important feature of the current study,
followed by the clustering effect. While the authors prefer to talk only about the
grouping effect, it seems important not to hide the fact that the clustering effect only has
an impact on performance when the participants know what they are going to
experience (also notably through the training sessions). Therefore, the last paragraph of
the discussion may be misleading for the reader as it only states that grouping pulses
helps to have a better precision of the number of elements. In addition, the abstract
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should also introduce this feature. From a personal point of view, this would more
accurately reflect the work done on the two experiments without neglecting the fact that
the determination of the number of impulses can be facilitated by grouping them
together.

It was not our intention to hide the finding that grouping only leads to facilitation
if participants can anticipate the sequence being grouped. We do understand the
reviewer’s point and agree that this should be improved. Following the
suggestions of the reviewer we have added a statement about this to the abstract
and the last paragraph of the Discussion has been revised as well.

Procedure:

2.1.3 "Prior to starting the experiment participants performed a practice session in
which each numerosity in each trial type occurred twice"

Are these trials randomly ordered? It would be interesting to add the ordering in all
cases (both in E1 and E2)

Practice trials were, like trials in the main experiments (E1 and E2), presented in
block random order. So all trial types were presented in random order, and this
was repeated until the intended number of repetitions was achieved. It was
indeed not stated that trials in the practice sessions were block randomized like
in the main experiments. In the Experimental Design and Procedure subsection of
Experimentl we now state that the practice trials were presented in blocked
random order just as in the main experiment. In the Stimuli and Procedure
section of Experiment 2 we added that that within the two separate experimental
blocks the trials were presented in blocked random order.

Stimuli:

e Experiment 1

e It is not clear to me if the participants knew when the stimuli started.

The experimenter notified the participant each time a new trial was started. We
have added this information to the Experimental Procedure and Design section of
Experiment 1.

e "The breaks for these trials were maximally 15 ms shorter than they should have
been."

0 The longer the duration of the inter-stimulation, the less impact this error will have
on the final result. It might therefore be easier for the reader to have a percentage of
time exceeded compared to the expected duration, rather than raw values.

We have added the requested percentage (18%).

e Figl.A:

o It really helps in understanding ungrouped and grouped types. It might be a good idea
to also have the example of the ungrouped-equal type to visually show the difference
between the three conditions, especially since E2 uses only the ungrouped-equal and
grouped types. I feel that this would help remove any ambiguity between the types and
make it easier/faster to understand for the reader.

The requested plot has been added to Fig.1A

e "The average vibration frequency during a pulse was determined to be 105 *+ 2.8 (SD)
HZ"
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© This actuator design is known to have both ramp-up and steady state. Its ramp-up
lasts between 50 and 100 ms (depending on the orientation of the actuator, the position
of the internal moving part, its manufacture,...) and its frequency content is generally not
as clear as the authors have shown. It would be interesting for some readers if the
authors could share the power spectral density of their characterization. It would give a
much better representation of the actual stimulation.

The requested power spectral density plot has been added.

e Figl.B

© Itis not clear to me why there are 4 different accelerations if the voltage is
always the same (5V). Are the pulses different from each other during the
experiments? [ don't understand the importance of showing the 4 accelerations
if only one was used. Is it to show why the authors chose the 100 ms stimuli
rather than the others?

The cut-off values shown in Fig. B represent the cut-off values that we used for
determining the beginning and ending of a pulse in the analysis. So, the 10 m/s"2
cut-off value means that the duration of a gap was defined as the time that the
envelope was below this value. Since the gap duration will depend on this cut-off
value we want to show what the differences are if slightly different cut-off values
are chosen. Upon rereading the manuscript we realized that this explanation was
actually missing. Therefore, we have added a better explanation of Figl.B to the
Vibration Pulse Characterization section. Moreover, we have changed the term
“cut-off” to “threshold” for clarity.

Spelling mistakes

e Experiment 1

© "Finally, in the ungrouped-equal duration [...] such the the total duration [...]"
© "For example, a grouped trial with for four items [...]"

e Conclusion

© "[...] than they can be sequentially counted while still allowing high precission
precision in determining the number of pulses.”

Spelling mistakes have been corrected.



