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Abstract

To inform the design of haptic information displays for noisy environments, we investigated two mechanisms for temporal masking of vibrotactile
stimuli (backwards and common-onset) using a commodity display. We used a two-channel setup, presenting stimuli to the middle and ring finger of
a participant’s right hand. The stimuli consisted of 250 Hz sinusoidal waveforms displayed at a fixed amplitude in various combinations of duration
(0, 30 or 300 ms) and stimulus onset asynchrony (0 or 30 ms). In anticipation of future embedded applications where signals are deliberately
masked but levels cannot be individualized, signals were standardized at conservative (harder to mask) levels. Our results confirm the existence of
a statistically significant masking effect for both forms of haptic masking explored, with common-onset exhibiting a significantly larger masking
effect than backwards. However, an analysis of confidence in response levels shows no difference between the two successful masking techniques.
We discuss mechanisms that could be responsible for these results, which have implications for the design of user interfaces that rely on tactile

transmission of information.
© 2008 Elsevier Inc. All rights reserved.

Keywords: Tactile; Re-entrant processing; Haptics; Perception

1. Introduction

Take a passing glance at a picture of a snowy field. Your
impression is of undulations in the whiteness: shadows, texture,
a weathered fence. Then, look at the same picture with a red
barn in the middle. Now you see a red barn and a white field:
the contrast of the red overwhelms the subtle variations in the
white. This is a form of masking in the visual system; the same
phenomenon occurs via several mechanisms, including close
temporal spacing, in vision and other senses [22].

A common definition for stimulus masking is “the interfer-
ence of one perceptual stimulus with another causing a decrease
or lessening in perceptual effectiveness” [19]. For our purposes,
we will consider a stimulus to be masked when interference from
another stimulus (differing either in time or location) prevents
the recipient from explicitly detecting, identifying or localizing
it.

Our own motive for understanding tactile masking is to sup-
port perceptual design of an emerging class of user interfaces that
convey information through touch, often in multitasking con-
texts that are filled with distractions. Two perspectives pertain.

* Corresponding author.
E-mail addresses: enriquez@cs.ubc.ca (M. Enriquez),
maclean@cs.ubc.ca (K.E. MacLean).
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Sometimes, a designer will wish to avoid inadvertent masking of
signals: for example, temporal masking due to “packing” stim-
uli closely in time in an effort to maximize information transfer
[36,10,23]. At other times, the designer might wish to delib-
erately mask perceivable information-bearing tactile stimuli as
a tool to isolate the factors that affect our ability to process
tactile patterns sequentially, and their relation to attention and
signal detection [24,18,25], or to produce actionable signals that
minimize attentional demands.

Our focus is on the latter, and in the study described here we
seek practical methods (usable in commodity applications) for
masking information-bearing tactile signals.

1.1. Previous work

Our knowledge of tactile single-stimuli perception is exem-
plified by experiments of Srinivasan, Tan and others which
use synthetic stimuli to determine various human capabilities,
including pressure, stiffness, position resolution and force mag-
nitude [32,33,36]; while Klatzky et al. have studied texture
perception extensively, most recently touching through a sty-
lus [21]. These and other studies lay the foundation upon which
we can further explore tactile perception and begin to build a
tactile language. However, because of the real-world environ-
ment in which this language will be used (full of distractions and

(2008), doi:10.1016/j.brainresbull.2008.01.018
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competing demands on our attention) we also need to understand
how tactile signals are masked.

We differentiate the tactile masking studies we will review
here along two dimensions: characteristics of the stimulus being
masked, and properties of the masking technique itself. These
studies typically investigate either stimulus detection (a stimu-
lus is perceivable as present or absent) or stimulus identification
(where the stimulus incorporates some manner of variation in
pattern, e.g. spatial layout or rhythm, and is thus capable of deliv-
ering information based on its identity). Masking techniques
that have been commonly studied include forward (masking
stimulus precedes target stimulus; attributed to temporal inte-
gration), backward (masking stimulus follows presentation of
target stimulus), and sandwich (target stimulus is both preceded
and followed by maskers) masking.

Numerous studies have investigated the masking effects
of tactile stimuli. Many of these have focused on how
masking affects the detection of simple vibrotactile stimuli
[39,15-17,26]. In these studies, different tracking methods are
used to determine detection thresholds for stimuli in the presence
of different forms of maskers. Some utilized collocated target
and masker stimuli, with the masker being band-limited noise
and the target a sinusoidal waveform [16]. Another paradigm uti-
lizes targets and maskers presented at different frequencies, e.g.
[39]. These results have provided a foundation for other investi-
gations into masking effects of more complex, information-rich
stimuli.

Researchers have also begun to study temporal and spatial
masking effects on identification of different types of tactual
stimulation patterns (intended to carry detectable information
beyond presence/absence) delivered to various areas of the body,
e.g. [5,35]. These investigate the effects of stimulus masking on
different vibration patterns presented through an array of tactile
displays, and used to convey meanings in a similar fashion to
the raised dots used on an electronic Braille display.

Aligned with the goal of the experiment reported here, some
recent studies using relatively complex stimuli, representing
either temporal and spatial patterns have reported several dif-
ferent forms of masking which can occur for the sense of touch
[2,28,29,21,35,34]. Of particular relevance is a series of experi-
ments by Tan et al. which targeted temporal masking properties
of complex patterns designed for information transfer [35]. In
this study, stimuli were delivered to the left index finger of three
participants who were asked to identify target signals masked
by forward, backward, and sandwiched paradigms with stimu-
lus onset asynchronies (SOA) of up to 640 ms. The SOA is
the temporal interval between the onsets of two stimuli. Seven
perceptually distinct stimuli composed of one, two or three
spectral components (2-4, 30 and 300 Hz) were constructed
at each of two signal durations (125 or 250 ms). The masking
stimuli were selected from the same stimulus set as the target
stimuli. Results show a masking effect (average 70% of cor-
rect responses, with performance increasing with SOA) for the
different types of masking. For these complex stimuli, partic-
ipants often confused characteristics of the masker with those
of the target; and there was considerable variation in individual
performance.

Craig performed a series of experiments investigating the
ability of participants to localize a tactile pattern presented at
one of several locations on their left index finger, in the presence
of a second tactile masking pattern [4]. The target stimulus,
generated on a 6 x 24 array of stimulators, was presented either
by itself or in the presence of an extraneous stimulus (masker)
that either preceded (2000 ms SOA) or followed (0-200 ms
SOA) the target. The masking stimuli were identical in form to
the target stimuli. The localizability of the target was affected
by the SOA between the target and masker with masking being
strongest (68% correct responses) when the masker followed the
stimulus at relatively short SOA’s (0-30 ms). In another study
[6], Craig and Quian found that the identification of a spatial
target pattern presented to one finger may be interfered with by
the presentation of a second pattern to either the same or a second
finger in both forward and backwards masking paradigms.

Evans observed the strongest masking effects at target dura-
tions under 100 ms [11]. Both Tan et al. [35] and Craig and Evans
[5]found that degree of masking was influenced by the complex-
ity of the stimuli employed; participants were able to identify
simpler spatial patterns more accurately. Tan used long complex
stimuli and longer SOA’s (>125 ms) in order to accommodate
low-frequency spectral content, and observed lower and less
consistent masking effects. However, Tan’s study also showed
that percent correct scores were highest with the simplest target
patterns (those that contained one spectral component).

Di Lollo and Enns have shown an application of another form
of masking for visual stimuli, called common-onset or object
substitution masking [8], where the masking stimulus is pre-
sented simultaneously with a clearly visible target stimulus but
the surrounding masker remains after the target stimulus has
been removed. In vision, this form of masking can be considered
to be the result of two separate masking mechanisms: camou-
flage masking (or noise masking) which refers to a degradation
in the representation of a target stimulus through the addition
of noise from the mask, and interruption masking (backward
masking (BWM)) which occurs when the mask appears before
the target has been fully processed and represents a competition
for higher level processes involved in object recognition. The
term object substitution is used to describe the latter category
because the mask appears to do more than interrupt the percep-
tual process and instead seems to become the new focus of object
recognition mechanisms.

Di Lollo and Enns offer a theory of how common-onset mask-
ing (COM) works for vision [7,9]: they suggest that object
substitution occurs whenever there is a mismatch between
the re-entrant visual representation (in their experiments, the
participant’s representation of the target) and the ongoing lower-
level activity produced by current sensory input (the persistent
masker). In the case of tactile stimuli applied to two fingers, the
re-entrant representation theory would play out as follows. Ini-
tially, two signals (one from each stimulus) are sent through the
nervous system to the homunculus in the somatosensory cortex,
where a representation of the skin and other senses is stored. The
prefrontal cortex, responsible for consciousness, requests a re-
entrant confirmation of one of the response hypotheses (finger
1, 2 or both) from the homunculus. By this time, the stimulation

(2008), doi:10.1016/j.brainresbull.2008.01.018
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is present in only one finger and this mismatching information
is transferred back to the prefrontal cortex. Using a similar form
of common-onset masking in vision, researchers have been able
to effectively mask otherwise clearly visible stimuli [7-9].

1.2. Objectives and overview

The goal of our research was to investigate the masking
characteristics (backwards and common-onset) of simple vibro-
tactile stimuli presented to the fingertips using commercially
available, relatively inexpensive transducers and stimuli pre-
sented at standardized levels, with the longer-term goal of
integrating this type of transducer and stimuli into existing
and new interfaces for tactile communication, e.g. in mobile
devices. Simple yet information-rich stimuli can be useful for
communicating navigational cues and event notification signals
in these devices. However, it is imperative to first understand
how these stimuli interact with one another when presented in
tight spatial and temporal proximity. Furthermore, our larger
goal of non-intrusive threshold or sub-threshold level commu-
nication requires optimizing methods for deliberately masking
these stimuli effectively and consistently, yet without recourse
to lengthy and sometimes complex individualization processes.
This experiment was designed with the latter purpose in mind.

To the best of our knowledge, we are the first to investigate
common-onset masking for fixed amplitude tactile signals pre-
sented to separate contra-lateral loci and the first to present a
measure of participant certainty in recognizing the test stimuli.
The results obtained here have immediate practical applications
for the design of tactile interfaces, and also improve our under-
standing of the underlying perceptual processes involved when
decoding these simple vibrotactile signals.

2. Method
2.1. Approach

In this experiment, we compared the degree of masking produced in back-
wards (BWM) and common-onset (COM) methods relative to unmasked signals
(CTRL), with simple vibrotactile stimuli delivered to a participant’s finger pads.
Two fingers were used (middle and ring), in order to support testing of the
COM method using single-frequency targets and maskers. Masking method was
manipulated with the presence or absence of a fixed SOA (duration determined
in pilot tests), and we considered both performance and subjective response con-
fidence in a three-alternative identification task (signal present on left, right or
both fingers).

We had in mind applications that deliberately but minimally mask infor-
mative signals in order to reduce cognitive workload while allowing their
non-conscious perception. Therefore we designed our stimuli sets to balance
the goals of (1) maximizing the effects of masking, (2) producing target stimuli
capable of simple information transfer (such as navigation cues) and (3) produc-
ing maskers that are minimally intrusive. Given our goal to re-use these signals
while we determine the most effective masking methods, we conservatively
chose simple (single-frequency sinusoid) stimuli as being generally hardest to
mask [35], and then (to minimize intrusiveness) in pilot studies roughly identified
minimum effective durations of both target and masker as well as appropriate
SOA values. Finally, we chose the middle and index fingers after pilot studies
identified them as having similar levels of sensitivity [30] for the chosen stimuli.
We employed repeated measures of a target identification task, with both target
and masker presented at the same fixed amplitude to both fingers and for every
participant. Our choice of method and our signal design reflects our intent to

Fig. 1. Tactile display hardware. The participant’s middle and ring fingers are
pressed against the tactile displays using 30 g weights to maintain a constant
pressure.

use these signals in later studies to investigate higher level perceptual processes:
fixed-level standardized stimuli will allow us to investigate the effectiveness of
these information-bearing stimuli as well as how perception of these stimuli
relates to confidence levels. This differs from previous work in tactile masking
where signal intensities are adjusted for every participant and thresholds for
stimulus detection are determined through an adaptive procedure [16].

2.2. Apparatus

Our experiments were carried out using a custom display integrating two
Audiological Engineering (www.tactaid.com) tactile displays (visible in Fig. 1).
These voice-coil-based transducers, which are used commercially in hearing
aids, are capable of producing precisely timed (on/off within 2 ms) waveforms
at a useful range of frequencies and amplitudes, with maximum efficiency at
250 Hz; and can be driven directly by a computer’s sound card. Tactile displays
using similar technology can be found in commercially available mobile phones,
PDA’s and GPS navigation units.

The design of the apparatus (Fig. 1) was driven by needs for consistent hand
position and finger pressure, as well as vibration isolation to prevent crosstalk
between the stimulus sites. It utilized two AE displays mounted on a 3 cm thick
aluminum plate and insulated with 1 cm thick latex foam rubber commonly used
to mechanically isolate sensitive electronic equipment from vibration. The par-
ticipant’s hand rested on another foam pad which was attached to the aluminum
plate; weights mounted on articulated plastic arms held his/her fingers against
the transducers with a constant pressure of 30 g. User pilot tests confirmed that
no crosstalk occurred with this arrangement.

The tactile display was interfaced through the sound card in a 2.5 GHz
Pentium 4 computer running Windows XP. Participants wore noise-canceling
headphones to block any audible artifacts that the device might produce.

2.3. Experiment task and instructions

In both the pilot and main experiments, we used a three-alternative forced-
choice performance task followed by a two-alternative forced-choice subjective
task. Participants were read instructions from a script before the beginning of
the experiment. They were told that every trial would consist of a single stimu-
lus presentation after which they would be asked to respond with one of three
options: stimulus present on middle finger (answering “left”), stimulus present
on ring finger (answering “right”) or stimulus felt on both fingers (answering
“both”). The participants responded by using the left hand to press a key on
the computer keyboard with overlays showing “left”, “right” or “both”. After
responding by identifying the stimulus presented, participants were asked to rate
the level of confidence in their response by answering “certain” or “uncertain”
(again using a keyboard overlay).

(2008), doi:10.1016/j.brainresbull.2008.01.018
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2.4. Stimuli

We used in-phase sinusoidal stimuli with identical amplitudes presented at
250 Hz. Human tactile sensitivity is highest around 250 Hz. The simplicity of the
stimuli and the presentation frequency was chosen to give the most conservative
results for intentional masking [30]. Throughout the experiment, we presented
stimulus pairs consisting of various combinations of three durations and two
stimulus onset asynchrony levels (including zero for COM) to the participant’s
middle and/or ring finger.

In a series of pilots, we determined an appropriate range of stimulus duration
and levels. In the first of these pilots, we adjusted stimulus amplitude using an
adaptive procedure [37] so that, when presented randomly to either the middle
(referred to hereafter and to participants as “left”) or ring (“right”) finger of the
right hand, participants could accurately identify the target finger for stimuli with
durations of 10-500 ms 95% of the time. This resulted in a stimulus amplitude of
10 Db above threshold. We used this fixed amplitude for both target and masker
for every participant in the experiment.

For all our comparisons, we elected to use three stimulus durations: long
(masking), short (target) or none (for use in control (CTRL) trials). For this
study, we first chose a target (short signal) duration of 30 ms (the shortest reliably
perceived when unmasked; 10-50 ms were tested). A masker (long signal) of
300 ms was then chosen for minimum length in effective masking of the chosen
target signal (150-500ms tested). We note that these thresholds are to some
extent specific to the apparatus as well as the experimental setup used.

SOA differentiates BWM from COM (zero SOA), which are otherwise iden-
tical. We used an SOA of 30 ms for BWM, because it demonstrated the most
effective masking of the 10-50 ms range explored in pilot studies (masking level
began to drop as 50 ms was approached). These SOA values are consistent with
prior work on tactile pattern masking [4].

Fig. 2 is a graphical representation of the stimuli pairs used, grouped as
control, in which only one stimulus was applied, common-onset masking and
backward masking.

2.5. Experiment design

Masking presence and type (the latter dictated by SOA) were the independent
variables for this study. As illustrated in Fig. 2, single-finger trials (CTRL) were
used as controls. COM (common-onset) trials were those where two stimuli of
any length were initiated with zero SOA. Backwards masking trials were those
where two stimuli of any length were initiated with 30 ms SOA.

Participants were instructed to respond “left” or “right” if any stimulus (short
or long) was noted on only the left/middle or right/ring finger, respectively; and
“both” if stimuli were detected on both fingers. Thus, “both” indicates successful
identification of a target stimulus despite presence of a masker.

A total of 18 trials were delivered in a single repetition: eight types with six
mirrored (stimuli 1, 2, 5, 6, 7 and 8), and two extra balancing applications of the
control pairs 1 and 2 and their mirrors. The latter ensured that every repetition
had an equal number of “left”, “right” and “both” correct responses and was
intended to minimize response bias. For each participant, 10 full repetitions
were conducted, and trial order was randomized within repetitions (a different
random order for each repetition and participant).

3. Results
3.1. Participants

Eleven university students, five female and six male, partic-
ipated in the experiment. All were 22-27 years of age, right
handed and were paid $10 in cash for a 35-min session. All
participants reported normal tactual function.

3.2. Identification performance

We obtained a measure of masking performance in the form
of overall rate of correct responses for each of the eight stimuli

Control

ﬁTFJf T ol

CO Masking

Bw Masking
~

Time »

Fig. 2. The eight stimuli types employed. Each box represents the stimuli pre-
sented to the middle or “left” (upper) and ring “right” (lower line) finger for a
different kind of trial; mirrors of all except symmetric stimulus pairs 3—-4 were
also used. Short pulses are 30 ms, long pulses are 300 ms, and a flat line indicates
no stimulus delivered to that finger. SOA’s are either 0 or 30 ms.

configurations tested (from 14 distinct pairs, including mirrors).
Each barin Fig. 3 was obtained by counting the correct responses
out of 10 repetitions for all 11 participants and dividing this
number by the total number of presentations of that particular
stimulus. The error bars represent the standard deviation of this
average. The graphic pairs below each bar specify the stimulus
parameters for the middle (left graphic) and ring (right graphic)
fingers: absent, short and long black regions indicate stimulus
durations of 0, 30 or 300 ms, respectively, and a black region
atop a short white region indicates a 30 ms delay. For example,
in Fig. 3, stimulus 7 represents the presentation of a long stimuli
applied to the middle finger and a long (300 ms) delayed (30 ms)
stimuli applied to the ring finger (backwards masking of the
middle finger) along with its mirror, i.e. backwards masking of
the ring finger. A correct response to these stimuli would be
“both”.

A single-factor, 3-level analysis of variance (ANOVA)
confirmed a statistically significant effect on identification per-
formance of masking type (p<0.001, F=22.459), when all
observations for each of the three masking types (CTRL, COM,
BWM) are grouped. Common-onset masking produced the
greatest rate of erroneous responses, i.e. the most effective
masking, with the ANOVA comparisons showing significant
differences between COM and BWM (p=0.041, F=22.459),

(2008), doi:10.1016/j.brainresbull.2008.01.018
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Fig. 3. Overall percentage identification performance and confidence levels,
by stimulus type. The stimulus number matches Fig. 2. The number of trials
represented by each pair of bars is shown on each bar. Lower performance values
indicate a stronger masking effect. Stimuli 1, 2, 5, 6, 7 and 8 were mirrored;
stimuli 1, 2 and their mirrors were applied twice for overall left/right balance.
See Section 3.2 for further description of this figure.

and between both of the masking types and the control trials
(p<0.001, F=22.459).

We analyzed incorrect responses to determine whether errors
were due to overlooking a masked target. We found that nearly
100% of incorrect responses indeed involved missing the short
(target) stimulus: in these cases, the response to a masked trial
was the longer stimulus, rather than either ‘Both’, the correct
response, or the short stimulus, a different possible incorrect
response. Thus together with the observation of near-perfect
responses for both long and short unmasked single-finger stim-
uli, we can conclude that an error is equivalent to a successfully
masked target. The types of error and error rates for each of the
stimuli are presented in Table 1. Visual inspection of individual

identification performance data indicated that although there are
differences in overall task performance amongst participants as
evidenced in the standard deviation bars for Fig. 3, trends across
stimuli pairs are consistent for all participants.

We note that there was a difference in performance within
the mirrored stimuli for both COM and BWM, observable in
Table 1 and most evident for stimuli 5 and 8. However, this
difference was not statistically significant (p <0.199 for COM
and p <0.307 for BWM) and we thus continued to group these
stimuli in the larger analysis. We believe this was due to a
difference in tactile acuity between the middle and ring fin-
gers. Our stimuli were presented at a standardized level and
were not balanced for possible differences in perceptual sen-
sitivity between middle and ring fingers, because of our goal
of testing worst-case “plug and play” use. From Table 1, we
observe that while the target stimulus was in general masked
more effectively for COM than BWM for the same mirrors of
stimuli 5 and 8 (lower percent correct rates), the ring finger
was more sensitive (the short target stimuli noted more often
with a “both” response for both the BWM as well as the COM
stimuli.

3.3. Response confidence

The confidence participants reported in their responses,
regardless of actual performance, is shown in Fig. 3: responses
of ‘1’ (confident) are counted and normalized to the total number
of trials. Confidence is similar for both types of masking (67.4
and 74.2% for COM and BWM, respectively), and lower than
for the unmasked control trials (93.5%); a single-factor, 3-level
ANOVA confirms a statistically significant effect of masking
type on confidence (p < 0.005, F = 8.764). Post-hoc comparisons
indicate a difference between both masking methods and the
control stimuli (p <0.001, F=8.764), but not between COM and
BWM.

Table 1

Error rates and stimulus gonfusion matrix

Stimulus type Stim # Middle finger Ring finger % Correct Response distribution (%) Conf Level (%)

Delay Duration Delay Duration Middle Ring Both

Control 1 0 0 0 30 98.6 0 99 1 91.8
2 0 0 0 300 97.7 0 98 2 94.5
1 0 30 0 0 97.3 97 0 3% 91.8
2 0 300 0 0 98.2 98 0 1% 95.9

Common-onset Masking 3 0 30 0 30 69.1 25 5 69 49.1
5 0 30 0 300 21.8 0 78 22 71.8
5 0 300 0 30 36.4 64 0 36 70.9
4 0 300 0 300 87.3 10 3 87 81.8

Backward Masking 6 0 30 30 30 75.5 2 23 75 59.1
8 0 30 30 300 33.6 4 63 34 70.9
7 0 300 30 300 89.1 5 6 89 88.2
6 30 30 0 30 83.6 10 6 84 65.5
8 30 300 0 30 63.6 35 1 64 71.8
7 30 300 0 300 90.9 5 5 91 90.0

Response distribution values indicate the % of participants who provided each of the possible responsesy % Correct simply repeats the distribution value that was in
fact the correct answer. Most bars in Fig. 2 are the average of the two rows of this table which represent mirrors of the same stimuli.
This table shows how the errors were distributed for each of the stimuli types (as described in Fig. 2) used in the study.
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There are two notable observations to be made of the con-
fidence results. First, the lowest level of confidence (49.1%)
was accorded to the simultaneous presentation of two short sig-
nals to both fingers (COM stimulus 3) and substantially lagged
actual performance (69.1%). Secondly, confidence levels for
COM stimulus 5 and BWM stimulus 8 (in both cases, masking
of a short target) were identical (71.4%). Actual performance
levels for those stimuli (21.8, 36.4 for the two mirrors of COM
5 and 33.6, 63.6 for BWM 8) were much lower than confidence
levels in these instances. Taken together, these two observa-
tions suggest that while the masker’s length (30 ms vs. 300 ms)
did not substantially change performance, it did substantially
change confidence in performance. That is, participants had high

Q2 confidence that only one signal was present, when in fact both

_pweres
4. Discussion
4.1. Masking performance

The results obtained indicate that some form of masking
is possible under the selected conditions and with the hard-
ware tested. Both of our base stimuli (30 and 300 ms) could be
accurately (98.0%) identified when presented in isolation, but
identification performance dropped to 31-87% when combined
with a masker in some form. A review of individual participants
results (not presented) shows that while differences exist, indi-
viduals exhibit the same general pattern of performance across
stimuli (i.e. a graph like Fig. 3 has roughly the same shape for
every participant, but at slightly different amplitudes).

In their general trend, our results are consistent with pre-
vious work in the areas of haptic and vibrotactile backward
masking and visual common-onset masking, where a decreased
level of target identification accuracy is induced by the introduc-
tion of a masking stimulus presented contiguously (temporally
and spatially) to the target stimulus. However, differences in
our methodology and type of stimuli offer new and more fine-
grained insights with respect to overall masking results obtained.
We will first develop these by comparing our BWM results with
previous studies that employed a similar methodology to ours,
and then proceed to look closely at new comparisons possible
within our own data.

4.1.1. Type of errors and stimulus complexity

Evans [11] reported 20-65% overall error rates under back-
ward masking at SOA in the range of 26-106 ms; of these,
20-30% were attributed to the use of the masker as response
(the remainder of errors were random). In contrast, our results
for both BWM and COM stimuli show nearly 100% of errors
(out of overall error rates of 49—90% for our three BWM stimu-
lus variants) being made by using the masker as the response
(Table 1). We believe that the increased specificity in type
of error which we found (as opposed to differences in over-
all error rate, which are harder to compare given differences
in setup) is due to the simplicity of the stimuli used here
(only three possible cases: left, right or both) as well as the
masking paradigm employed. In our design, a successfully

masked stimulus was one where the participants respond with
the masker.

In the same study, Evans reported that for backward masking,
percent correct scores indicated that when stimuli were masked,
participants were able to identify simpler spatial patterns more
accurately. Similarly, Tan et al.’s [35] percent correct scores were
highest with target patterns that contained one spectral compo-
nent, and lowest with those that were more complex (containing
three spectral components). In the experiment reported here,
every stimulus was composed of a single spectral component
and carried 1.5 bits of information (participants could answer
left, right or both). We therefore hypothesize that the masking
effect would be stronger if we were to employ more complex
stimuli.

4.1.2. Other potential mechanisms: temporal integration

Temporal integration is often cited as an explanation for
decreased levels of accuracy in stimulus recognition when stim-
uli are presented closely in time [3,12]. These studies suggest
that target identification may be disrupted because the target and
non-target form a composite pattern through temporal integra-
tion. For example, in vision, if two semicircles (one left and one
right) are target and masker, respectively, then integration would
result in perception of a full circle composite.

We believe it is unlikely that the incidence of masking
observed in our study is a result of temporal integration: this
would imply that the target and masker form a composite per-
cept that is the temporal and/or spatial sum of both signals. Our
hypothesis is that with our paradigm, temporal integration would
work against any of the masking techniques used and would in
fact improve stimulus identification accuracy: temporal integra-
tion of a short stimulus presented to one finger and a longer
stimulus presented to another finger would form a composite
percept. Based on findings in vision (where, for example, “—"
and “|” are integrated and perceived as “+”), the composite per-
cept is most likely to be that of both fingers being stimulated,
i.e. the expected correct response [27].

4.1.3. Common-onset masking as compared to backwards
masking

To the best of our knowledge, this is the first study to investi-
gate tactile common-onset masking using standardized stimuli
levels presented to separate but contiguous loci as represented
by stimulus pair 5; and one of a few studies which assess any
form of tactile COM [16,40]. Di Lollo et al. [7], investigated
this form of masking for visual stimuli (which are not typically
standardized by individual); our study was designed to mimic
their setup while using tactile stimuli. In vision, the masker takes
the form of four dots presented simultaneously and surrounding
but not touching a target shape. The target can appear in one
of eight possible locations on a screen. The dots remain for a
period of time after a brief presentation of the target shape. Par-
ticipants are unable to identify a target shape within the dots and
report only the presence of the dots. In our study, a short tac-
tile stimulus is presented simultaneously with a second stimulus
which remains present after the short stimulus has ended. The
target can be presented to the middle finger, the ring finger or

(2008), doi:10.1016/j.brainresbull.2008.01.018
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both loci simultaneously. Participants are unable to perceive the
short stimulus and report only the long one.

In the present study, we found that COM provided the most
effective masking overall. In particular, COM stimulus 5 pro-
duced a participant response accuracy of 29.1% correct as
compared to 48.6% for BWM stimulus 8, whereas confidence
levels were similar. Our data are consistent with the view that
this difference in performance is the result of a combination of
two different masking mechanisms similar to those observed in
vision. Both COM and BWM can in theory be subjected to the
backwards (interruption) mechanism of masking (which Enns
found to be strongest at 0 <SOA <100 ms for vision) [8]; but
COM additienally-may be jaffected by camouflage (or noise)
masking, which is strongest at SOA’s ~ 0 [38,14,1,16,26]. These
time estimates could plausibly be used as a first crude approxi-
mation of durations required for tactile signal processing if we
assume that they involve a substantial cognitive component, as
is believed to be the case for visual pattern processing.

This theory is substantiated by the observation that COM
stimulus pairs 3 and 4, which unlike the other COM stimuli
should not be subject to backwards masking as the two stim-
uli were of the same length, resulted in 69 and 88% correct
responses for the 30 and 300 ms duration stimuli, respectively.
This represents about 40 and 12% masking relative to unmasked
signals, and is comparable to the masking performance differ-
ence of 19.5% observed between stimulus pairs 5 (camouflage
plus backwards masking) and 8 (backwards masking alone).
Thus, we can posit an additive effect of these two mechanisms.

Another possible contributor to the observed difference
between COM and BWM is that our backward-masked stim-
uli might have generated a salient sensation of motion on the
fingers of the participants, due to the (30 ms) delay between the
onset of the target and masking signals. The presence of this
sensation of motion was reported by two of the participants for
some of the trials. Previous work has shown an increased sensi-
tivity to perception of motion for vision [13] but to the best of our
knowledge, this increased sensitivity has not been investigated
for the sense of touch. Further research is required to follow up
on this possibility.

From a high-level theoretical standpoint, our results might be
explained by the proposed existence of the same type of higher
level perceptual processes that have been recently explored
in vision, i.e. re-entrant processing of the target stimulus [7].
This theory states that perception of an object (or stimulus) is
the result of a series of hypothesis-confirmation stages: when
a stimulus is first detected, a hypothesis is built as to what
the stimulus is. This hypothesis is later confirmed or modified
based on subsequent gathering of information. The theory of
re-entrant processing is controversial, and temporal estimates
of loop confirmation duration are scarce (10—13 ms has been
proposed [31,20]); however it does provide an attractive expla-
nation of what we have observed. In the case of stimulus 5 (COM,
short target and long masker), the initial hypothesis is that there
is one stimulus being presented to each finger. This hypoth-
esis is later rejected when the data available at a subsequent
time (after the short target has terminated) points to a single
stimulus being present. In this way, after an initial stimulation

ascends through the perceptual system, an iterative-loop system
acts to reduce noise to establish the most plausible perceptual
interpretation.

4.2. Confidence and its relation to masking

To the best of our knowledge, this is the first study to report
confidence in responses to masked vibrotactile stimuli. It is
important to look at confidence levels in relation to performance
levels for the different stimuli utilized. A high level of confidence
indicates that the participants were certain about their interpreta-
tion of the stimuli being presented; when combined with a high
error rate (low % correct responses); it implies that masking that
went beyond “confusing” participants to convincing them of the
error case. Conversely, a low confidence level indicates that the
participants felt they were unable to clearly perceive the stim-
uli, and might be paired with either a high but uncertain actual
performance or genuinely confused, low performance.

Confidence levels for stimuli 1, 2 (no masking) and 4, 7 (two
long stimuli) closely match their performance levels (differ-
ence < 5%). These stimuli were correctly identified on 80-95%
of the trials. Confidence is always slightly lower than the high
identification performance for these stimuli, but it is perhaps
unjustified to make such precise comparisons of subjective and
objective parameters such as these. Instead, we will use these
confidence levels and their relation to respective performance
levels as baselines for relative comparisons below.

Stimuli 3 and 6 (COM and BWM versions, respectively
of short stimuli on both fingers) both exhibit a perfor-
mance/confidence disparity of about 20%, as compared to <5%
above. This means that participants were correctly identifying
the stimuli (70-80% accuracy) significantly more often than they
believed (49—-62% confidence levels, with lowest confidence for
COM stimulus 3).

Confidence levels are equal (71%) amongst the two stimuli
that show the strongest masking effects: 5 (COM) and 8§ (BWM),
both involving a short target and long masker. For both of these
stimuli, confidence levels were considerably higher than perfor-
mance levels. The COM stimulus was correctly identified only
29% of the time and the BWM stimulus was identified 49%
of the time (chance =33%). This suggests that participants were
confident that they had perceived and interpreted the stimuli cor-
rectly more often than they did, with disparities of 42% (COM)
and 22% (BWM). The higher confidence/performance values
as compared to stimulus pairs 3 and 6 are very likely due to
the difference in length of masker; 5 and 8 have a long masker
which dominates the target more effectively than that of 3 and
6. However, the target in both cases is clearly detectable when
alone.

From the standpoint of designing information-bearing signals
that will be intentionally masked from conscious perception at
periods of high cognitive workload, we can speculate that high
confidence-performance disparities are positive: the goal here
would be to achieve high correct identification performance,
without a conscious awareness of the target information having
been received. Conversely, however, uncertainty about percep-
tion might contribute to cognitive load at the same time that
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attentive processing of the unmasked signal has been averted.
However, further work is required to substantiate such theo-
ries.

5. Conclusions

To the best of our knowledge, this is the first report of an
investigation of the effects of common-onset masking of vibro-
tactile stimuli presented to separate but contiguous locations
using fixed amplitude stimuli, and the first report of participant
confidence levels when identifying the masked vibrotactile stim-
uli. Most of the existing work on haptic and vibrotactile masking
has focused on testing different forms of forward and backward
masking techniques and to the best of our knowledge, none have
reported participant confidence.

Specific contributions of the present study include observa-
tions that for synthetic vibrotactile signals, (a) common-onset
masking (exemplified as simultaneous presentation of a short
target with a longer masker) shows the strongest masking effect
among the set of masking techniques tested, (b) backward
masking presents lower, yet significant, masking levels and (c)
confidence levels for participant responses are affected equally
by backward and common-onset masking. We propose that the
performance differences we have observed between COM and
BWM may be explained by an additive effect of two com-
plementary masking mechanisms similar to those which have
been observed in visual signal processing. Meanwhile, the pat-
tern of confidence levels we observed suggest that if we intend
to deliberately mask stimuli yet maintain confidence levels as
high as possible (for the purpose of participant comfort while
automatically processing information-bearing signals which are
deliberately “hidden” from conscious processes) we should con-
sider using common-onset masking.

The stimulus design and masking paradigms presented
comprise an innovative method for investigating the masking
characteristics of simple vibrotactile patterns. The use of simple
information-bearing stimuli has allowed a better understanding
of the underlying processes that occur when identifying masked
stimuli. Although common-onset masking has been explored
for the sense of vision, our work has not only applied similar
techniques to the sense of touch but has also opened up the pos-
sibility of further investigating possible commonalities between
high-level visual and haptic perceptual processes when stimuli
are masked.

The experimental method and analysis techniques developed
can be used both to determine tactile communication bandwidth
when using multiple vibrotactile displays for interactive devices
(to maximize communication ratios) as well as to further study
tactile perceptual processes.

References

[1] B.G. Breitmeyer, Visual masking: An integrative approach, Oxford Uni-
versity Press, New York, 1984.

[2] J. Craig, Tactile pattern perception and its perturbations, J Acoust. Soc.
Am. 77 (1) (1985) 238-246.

[3] J.C. Craig, Temporal integration of vibrotactile patterns, Percept. Psy-
chophys. 32 (1982) 219-229.

[4] J.C. Craig, Interference in localizing tactile stimuli, Percept. Psychophys.
45 (4) (1989) 343-355.

[5] J.C. Craig, PM. Evans, Vibrotactile masking and the persistence of tactual
features, Percept. Psychophys. 42 (4) (1987) 309-317.

[6] J.C. Craig, X. Quian, Tactile pattern perception by two fingers: temporal
interference and response competition, Percept. Psychophys. 59 (2) (1997)
252-265.

[7] V.DiLollo,J.T. Enns, R.A. Rensink, Competition for consciousness among
visual events: the psychophysics of reentrant visual pathways, J. Exp.
Psychol.: Gen. 129 (2000) 481-507.

[8] J.T. Enns, V. Di Lollo, Object substitution: a new form of masking in
unattended visual locations, Psychol. Sci. 8 (1997) 135-139.

[9] J.T. Enns, V. Di Lollo, What’s new in visual masking? Trends Cogn. Sci.
4 (2000) 345-352.

[10] M. Enriquez, O. Afonin, B. Yager, K. MacLean, A pneumatic tactile noti-
fication system for the driving environment, in: Workshop on Perceptive
User Interfaces (PUI ’01), Orlando, FL, 2001.

[11] P.M. Evans, Vibrotactile masking: temporal integration, persistence, and
strengths of representations, Percept. Psychophys. 42 (6) (1987) 515—
525.

[12] P.M. Evans, J.C. Craig, Temporal integration and vibrotactile backward
masking, J. Exp. Psychol.: Hum. Percept. Perform. 12 (1986) 160-168.

[13] S. Exner, Uber optische Bewegungsempfindungen [On optical motion sen-
sation], Biologisches Zentralblatt 8 (1888) 437-448.

[14] L. Ganz, Temporal factors in visual perception, in: C.M.P. Friedman (Ed.),
Handbook of Perception, vol. 5, Academic Press, New York, 1975, pp.
170-231.

[15] G.A. Gescheider, K.E. Santoro,Makous,-€-Jasmes, S.J. Bolanowski, Vibro-
tactile forward masking: effects of the amplitude level and duration of the
masking stimulus, J. Acoust. Soc. Am. 98 (1995) 3188-3194.

[16] G.A.B.S.J. Gescheider Jr., R.T. Verrillo, Vibrotactile masking: effects of
stimulus onset asynchrony and stimulus frequency, J. Acoust. Soc. Am. 85
(5) (1989) 2059-2064.

[17] G.A.M.N. Gescheider, Some temporal parameters in vibrotactile forward
masking, J. Acoust. Soc. Am. 98 (6) (1995) 3195-3199.

[18] A.G. Greenwald, S.C. Draine, R.L. Abrams, Three cognitive markers of
unconscious semantic activation, Science 273 (1996) 1699-1702.

[19] J.PR.B.J. Howard (1995). Binocular Vision and Stereopsis. Oxford.

[20] J.M. Hupe, A.C. James, B.R. Payne, S.G. Lomber, P. Girard, J. Bullier,
Cortical feedback improves discrimination between figure and ground by
V1, V2, and V3 neurons, Nature 394 (1998) 784-787.

[21] R.L. Klatzky, S. Lederman, C. Hamilton, M. Grindley (2003), Feeling
textures through a probe: effects of probe and surface geometry and
exploratory factors, Percep. Psychophys.

[22] P.A. Kohlers, Perception and presentation, Annu. Psychol. Rev. 34 (1983)
129-166.

[23] K. MacLean, M. Enriquez (2003), Perceptual Design of Haptic Icons,
Eurohaptics, Dublin, Ireland.

[24] A.J. Marcel, Conscious and unconscious perception: experiments on visual
masking and word recognition, Cogn. Psychol. 15 (1983) 197-237.

[25] P.M. Merikle, M. Daneman, Conscious vs. Unconscious Perception. The
New Cognitive Neurosciences, MIT Press, Cambridge, MA, 2000, pp.
1295-1303.

[26] A. Oxenham, Forward masking: adaptation or integration? J. Acoust. Soc.
Am. 109 (2) (2001) 732-741.

[27] D.M.L.J.R. Parker, J. Hughes, Temporal integration of spatially filtered
visual images, Perception 21 (2) (1992) 147-160.

[28] M.A. Rinker, J.C. Craig, L.E. Bernstein (1998).

[29] M.A. Rinker, J.C. Craig, L.E. Bernstein, Amplitude and period discrim-
ination of haptic stimuli, J. Acoust. Soc. Am. 104 (1) (1998) 453—
463.

[30] C.E. Sherrick, Variables affecting the sensitivity of the human skin to
mechanical vibration, J. Exp. Psychol. 45 (5) (1953) 273-282.

[31] A.M.Sillito, H.E. Jones, G.L. Gerstein, D.C. West, Feature-linked synchro-
nization of thalamic relay cell firing induced by feedback from the visual
cortex, Nature 369 (1994) 479-482.

[32] ML.A. Srinivasan, Surface deflection of primate fingertip under line load, J.
Biomech. 22 (1989).

(2008), doi:10.1016/j.brainresbull.2008.01.018

Please cite this article in press as: M. Enriquez, K.E. MacLean, Backward and common-onset masking of vibrotactile stimuli, Brain Res. Bull.

Q4

672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
71
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739


dx.doi.org/10.1016/j.brainresbull.2008.01.018
Mario
Inserted Text
J.C

Mario
Cross-Out


+Model
BRB 7664 1-9

M. Enriquez, K.E. MacLean / Brain Research Bulletin xxx (2008) xxx—xxx 9

[33] M.A. Srinivasan, J.M. Whitehouse, R.H. Lamotte, Tactile detection of slip:
surface microgeometry and peripheral neural codes, J. Neurophysiol. 63
(1990) 1323-1332.

[34] S. Srinivasan, D. Wang (2005), MODELING THE PERCEPTION OF
MULTITALKER SPEECH. Interspeech: 1265-1268.

[35] H.Z. Tan, C.M. Reed, L.A. Delhorne, N.I. Durlach, Natasha Wan, Temporal
masking of multidimensional tactual stimuli, Acoust. Soc. Am. 114 (6)
(2003) 3295-3308.

[36] H.Z. Tan, N.I. Durlach, C.M. Reed, W.M. Rabinowitz, Information trans-
mission with a multifinger tactual display, Percept. Psychophys. 61 (6)
(1999) 993-1008.

[37] M.M. Taylor, C.D. Creelman, PEST: efficient estimates on probability
functions, J. Acoust. Soc. Am. 41 (4A) (1967) 782-787.

[38] ML.T. Turvey, On peripheral and central processes in vision: interferences
from an information-processing analysis of masking with patterned stimuli,
Psychol. Rev. 80 (1973) 1-52.

[39] D.L.G.D.M. Weber, Temporal factors and suppression effects in backward
and forward masking, J. Acoust. Soc. Am. 64 (5) (1978) 1392-1399.

[40] J.M. Weisenberger, Tactile temporal masking: effect of multiple maskers,
J. Acoust. Soc. Am. 95 (1994) 2213-2220, www.tactaid.com.

(2008), doi:10.1016/j.brainresbull.2008.01.018

Please cite this article in press as: M. Enriquez, K.E. MacLean, Backward and common-onset masking of vibrotactile stimuli, Brain Res. Bull.

750
751
752
753
754
755
756
757
758


dx.doi.org/10.1016/j.brainresbull.2008.01.018
http://www.tactaid.com/

	Backward and common-onset masking of vibrotactile stimuli
	Introduction
	Previous work
	Objectives and overview

	Method
	Approach
	Apparatus
	Experiment task and instructions
	Stimuli
	Experiment design

	Results
	Participants
	Identification performance
	Response confidence

	Discussion
	Masking performance
	Type of errors and stimulus complexity
	Other potential mechanisms: temporal integration
	Common-onset masking as compared to backwards masking

	Confidence and its relation to masking

	Conclusions
	References




