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Research report

Backward and common-onset masking of vibrotactile stimuli

Mario Enriquez ∗, Karon E. MacLean
Department of Computer Science, University of British Columbia, 201-2366 Main Mall, Vancouver, B.C., Canada V6T 1Z4

bstract

To inform the design of haptic information displays for noisy environments, we investigated two mechanisms for temporal masking of vibrotactile
timuli (backwards and common-onset) using a commodity display. We used a two-channel setup, presenting stimuli to the middle and ring finger of
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
asked but levels cannot be individualized, signals were standardized at conservative (harder to mask) levels. Our results confirm the existence of
statistically significant masking effect for both forms of haptic masking explored, with common-onset exhibiting a significantly larger masking
D
P

Rffect than backwards. However, an analysis of confidence in response levels shows no difference between the two successful masking techniques.
e discuss mechanisms that could be responsible for these results, which have implications for the design of user interfaces that rely on tactile

ransmission of information.
2008 Elsevier Inc. All rights reserved.
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. Introduction

Take a passing glance at a picture of a snowy field. Your
mpression is of undulations in the whiteness: shadows, texture,

weathered fence. Then, look at the same picture with a red
arn in the middle. Now you see a red barn and a white field:
he contrast of the red overwhelms the subtle variations in the
hite. This is a form of masking in the visual system; the same
henomenon occurs via several mechanisms, including close
emporal spacing, in vision and other senses [22].

A common definition for stimulus masking is “the interfer-
nce of one perceptual stimulus with another causing a decrease
r lessening in perceptual effectiveness” [19]. For our purposes,
e will consider a stimulus to be masked when interference from

nother stimulus (differing either in time or location) prevents
he recipient from explicitly detecting, identifying or localizing
t.

Our own motive for understanding tactile masking is to sup-
U
N

C
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ort perceptual design of an emerging class of user interfaces that
onvey information through touch, often in multitasking con-
exts that are filled with distractions. Two perspectives pertain.

∗ Corresponding author.
E-mail addresses: enriquez@cs.ubc.ca (M. Enriquez),

aclean@cs.ubc.ca (K.E. MacLean).
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ometimes, a designer will wish to avoid inadvertent masking of
ignals: for example, temporal masking due to “packing” stim-
li closely in time in an effort to maximize information transfer
36,10,23]. At other times, the designer might wish to delib-
rately mask perceivable information-bearing tactile stimuli as
tool to isolate the factors that affect our ability to process

actile patterns sequentially, and their relation to attention and
ignal detection [24,18,25], or to produce actionable signals that
inimize attentional demands.
Our focus is on the latter, and in the study described here we

eek practical methods (usable in commodity applications) for
asking information-bearing tactile signals.

.1. Previous work

Our knowledge of tactile single-stimuli perception is exem-
lified by experiments of Srinivasan, Tan and others which
se synthetic stimuli to determine various human capabilities,
ncluding pressure, stiffness, position resolution and force mag-
itude [32,33,36]; while Klatzky et al. have studied texture
erception extensively, most recently touching through a sty-
and common-onset masking of vibrotactile stimuli, Brain Res. Bull.

us [21]. These and other studies lay the foundation upon which 57

e can further explore tactile perception and begin to build a 58

actile language. However, because of the real-world environ- 59

ent in which this language will be used (full of distractions and 60
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ompeting demands on our attention) we also need to understand
ow tactile signals are masked.

We differentiate the tactile masking studies we will review
ere along two dimensions: characteristics of the stimulus being
asked, and properties of the masking technique itself. These

tudies typically investigate either stimulus detection (a stimu-
us is perceivable as present or absent) or stimulus identification
where the stimulus incorporates some manner of variation in
attern, e.g. spatial layout or rhythm, and is thus capable of deliv-
ring information based on its identity). Masking techniques
hat have been commonly studied include forward (masking
timulus precedes target stimulus; attributed to temporal inte-
ration), backward (masking stimulus follows presentation of
arget stimulus), and sandwich (target stimulus is both preceded
nd followed by maskers) masking.

Numerous studies have investigated the masking effects
f tactile stimuli. Many of these have focused on how
asking affects the detection of simple vibrotactile stimuli

39,15–17,26]. In these studies, different tracking methods are
sed to determine detection thresholds for stimuli in the presence
f different forms of maskers. Some utilized collocated target
nd masker stimuli, with the masker being band-limited noise
nd the target a sinusoidal waveform [16]. Another paradigm uti-
izes targets and maskers presented at different frequencies, e.g.
39]. These results have provided a foundation for other investi-
ations into masking effects of more complex, information-rich
timuli.

Researchers have also begun to study temporal and spatial
asking effects on identification of different types of tactual

timulation patterns (intended to carry detectable information
eyond presence/absence) delivered to various areas of the body,
.g. [5,35]. These investigate the effects of stimulus masking on
ifferent vibration patterns presented through an array of tactile
isplays, and used to convey meanings in a similar fashion to
he raised dots used on an electronic Braille display.

Aligned with the goal of the experiment reported here, some
ecent studies using relatively complex stimuli, representing
ither temporal and spatial patterns have reported several dif-
erent 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-
ents by Tan et al. which targeted temporal masking properties

f complex patterns designed for information transfer [35]. In
his study, stimuli were delivered to the left index finger of three
articipants who were asked to identify target signals masked
y forward, backward, and sandwiched paradigms with stimu-
us onset asynchronies (SOA) of up to ±640 ms. The SOA is
he temporal interval between the onsets of two stimuli. Seven
erceptually distinct stimuli composed of one, two or three
pectral components (2–4, 30 and 300 Hz) were constructed
t each of two signal durations (125 or 250 ms). The masking
timuli were selected from the same stimulus set as the target
timuli. Results show a masking effect (average 70% of cor-
ect responses, with performance increasing with SOA) for the
U
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ifferent types of masking. For these complex stimuli, partic-
pants often confused characteristics of the masker with those
f the target; and there was considerable variation in individual
erformance.
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Craig performed a series of experiments investigating the
bility of participants to localize a tactile pattern presented at
ne of several locations on their left index finger, in the presence
f a second tactile masking pattern [4]. The target stimulus,
enerated on a 6 × 24 array of stimulators, was presented either
y itself or in the presence of an extraneous stimulus (masker)
hat either preceded (200–0 ms SOA) or followed (0–200 ms
OA) the target. The masking stimuli were identical in form to

he target stimuli. The localizability of the target was affected
y the SOA between the target and masker with masking being
trongest (68% correct responses) when the masker followed the
timulus at relatively short SOA’s (0–30 ms). In another study
6], Craig and Quian found that the identification of a spatial
arget pattern presented to one finger may be interfered with by
he presentation of a second pattern to either the same or a second
nger in both forward and backwards masking paradigms.

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

Di Lollo and Enns have shown an application of another form
f masking for visual stimuli, called common-onset or object
ubstitution masking [8], where the masking stimulus is pre-
ented simultaneously with a clearly visible target stimulus but
he surrounding masker remains after the target stimulus has
een removed. In vision, this form of masking can be considered
o be the result of two separate masking mechanisms: camou-
age masking (or noise masking) which refers to a degradation
n the representation of a target stimulus through the addition
f noise from the mask, and interruption masking (backward
asking (BWM)) which occurs when the mask appears before

he target has been fully processed and represents a competition
or higher level processes involved in object recognition. The
erm object substitution is used to describe the latter category
ecause the mask appears to do more than interrupt the percep-
ual process and instead seems to become the new focus of object
ecognition mechanisms.

Di Lollo and Enns offer a theory of how common-onset mask-
ng (COM) works for vision [7,9]: they suggest that object
ubstitution occurs whenever there is a mismatch between
he re-entrant visual representation (in their experiments, the
articipant’s representation of the target) and the ongoing lower-
evel activity produced by current sensory input (the persistent

asker). In the case of tactile stimuli applied to two fingers, the
e-entrant representation theory would play out as follows. Ini-
ially, two signals (one from each stimulus) are sent through the
ervous system to the homunculus in the somatosensory cortex,
and common-onset masking of vibrotactile stimuli, Brain Res. Bull.

here a representation of the skin and other senses is stored. The 171

refrontal cortex, responsible for consciousness, requests a re- 172

ntrant confirmation of one of the response hypotheses (finger 173

, 2 or both) from the homunculus. By this time, the stimulation 174

dx.doi.org/10.1016/j.brainresbull.2008.01.018
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s present in only one finger and this mismatching information
s transferred back to the prefrontal cortex. Using a similar form
f common-onset masking in vision, researchers have been able
o effectively mask otherwise clearly visible stimuli [7–9].

.2. Objectives and overview

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

To the best of our knowledge, we are the first to investigate
ommon-onset masking for fixed amplitude tactile signals pre-
ented to separate contra-lateral loci and the first to present a
easure of participant certainty in recognizing the test stimuli.
he results obtained here have immediate practical applications

or the design of tactile interfaces, and also improve our under-
tanding of the underlying perceptual processes involved when
ecoding these simple vibrotactile signals.

. Method

.1. Approach

In this experiment, we compared the degree of masking produced in back-
ards (BWM) and common-onset (COM) methods relative to unmasked signals

CTRL), with simple vibrotactile stimuli delivered to a participant’s finger pads.
wo fingers were used (middle and ring), in order to support testing of the
OM method using single-frequency targets and maskers. Masking method was
anipulated with the presence or absence of a fixed SOA (duration determined

n pilot tests), and we considered both performance and subjective response con-
dence in a three-alternative identification task (signal present on left, right or
oth fingers).

We had in mind applications that deliberately but minimally mask infor-
ative signals in order to reduce cognitive workload while allowing their

on-conscious perception. Therefore we designed our stimuli sets to balance
he goals of (1) maximizing the effects of masking, (2) producing target stimuli
apable of simple information transfer (such as navigation cues) and (3) produc-
ng maskers that are minimally intrusive. Given our goal to re-use these signals
hile we determine the most effective masking methods, we conservatively

hose simple (single-frequency sinusoid) stimuli as being generally hardest to
ask [35], and then (to minimize intrusiveness) in pilot studies roughly identified
inimum effective durations of both target and masker as well as appropriate
U

Please cite this article in press as: M. Enriquez, K.E. MacLean, Backward
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OA values. Finally, we chose the middle and index fingers after pilot studies
dentified them as having similar levels of sensitivity [30] for the chosen stimuli.

e employed repeated measures of a target identification task, with both target
nd masker presented at the same fixed amplitude to both fingers and for every
articipant. Our choice of method and our signal design reflects our intent to

“
t
r
t
(

 P
R

O
Oig. 1. Tactile display hardware. The participant’s middle and ring fingers are

ressed against the tactile displays using 30 g weights to maintain a constant
ressure.

se these signals in later studies to investigate higher level perceptual processes:
xed-level standardized stimuli will allow us to investigate the effectiveness of

hese information-bearing stimuli as well as how perception of these stimuli
elates to confidence levels. This differs from previous work in tactile masking
here signal intensities are adjusted for every participant and thresholds for

timulus detection are determined through an adaptive procedure [16].

.2. Apparatus

Our experiments were carried out using a custom display integrating two
udiological Engineering (www.tactaid.com) tactile displays (visible in Fig. 1).
hese voice-coil-based transducers, which are used commercially in hearing
ids, are capable of producing precisely timed (on/off within 2 ms) waveforms
t a useful range of frequencies and amplitudes, with maximum efficiency at
50 Hz; and can be driven directly by a computer’s sound card. Tactile displays
sing similar technology can be found in commercially available mobile phones,
DA’s and GPS navigation units.

The design of the apparatus (Fig. 1) was driven by needs for consistent hand
osition and finger pressure, as well as vibration isolation to prevent crosstalk
etween the stimulus sites. It utilized two AE displays mounted on a 3 cm thick
luminum plate and insulated with 1 cm thick latex foam rubber commonly used
o mechanically isolate sensitive electronic equipment from vibration. The par-
icipant’s hand rested on another foam pad which was attached to the aluminum
late; weights mounted on articulated plastic arms held his/her fingers against
he transducers with a constant pressure of 30 g. User pilot tests confirmed that
o crosstalk occurred with this arrangement.

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

.3. Experiment task and instructions

In both the pilot and main experiments, we used a three-alternative forced-
hoice performance task followed by a two-alternative forced-choice subjective
ask. Participants were read instructions from a script before the beginning of
he experiment. They were told that every trial would consist of a single stimu-
us presentation after which they would be asked to respond with one of three
ptions: stimulus present on middle finger (answering “left”), stimulus present
n ring finger (answering “right”) or stimulus felt on both fingers (answering
and common-onset masking of vibrotactile stimuli, Brain Res. Bull.

both”). The participants responded by using the left hand to press a key on 266

he computer keyboard with overlays showing “left”, “right” or “both”. After 267

esponding by identifying the stimulus presented, participants were asked to rate 268

he level of confidence in their response by answering “certain” or “uncertain” 269

again using a keyboard overlay). 270

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

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

In a series of pilots, we determined an appropriate range of stimulus duration
nd levels. In the first of these pilots, we adjusted stimulus amplitude using an
daptive 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
ight hand, participants could accurately identify the target finger for stimuli with
urations of 10–500 ms 95% of the time. This resulted in a stimulus amplitude of
0 Db above threshold. We used this fixed amplitude for both target and masker
or 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
tudy, we first chose a target (short signal) duration of 30 ms (the shortest reliably
erceived when unmasked; 10–50 ms were tested). A masker (long signal) of
00 ms was then chosen for minimum length in effective masking of the chosen
arget signal (150–500 ms tested). We note that these thresholds are to some
xtent specific to the apparatus as well as the experimental setup used.

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

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

.5. Experiment design

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

Participants were instructed to respond “left” or “right” if any stimulus (short
r 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
dentification of a target stimulus despite presence of a masker.

A total of 18 trials were delivered in a single repetition: eight types with six
irrored (stimuli 1, 2, 5, 6, 7 and 8), and two extra balancing applications of the

ontrol pairs 1 and 2 and their mirrors. The latter ensured that every repetition
ad an equal number of “left”, “right” and “both” correct responses and was
ntended to minimize response bias. For each participant, 10 full repetitions
ere conducted, and trial order was randomized within repetitions (a different

andom order for each repetition and participant).

. Results

.1. Participants

Eleven university students, five female and six male, partic-
pated in the experiment. All were 22–27 years of age, right
anded and were paid $10 in cash for a 35-min session. All
articipants reported normal tactual function.
U
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.2. Identification performance

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

B 348

g
m
d

lso used. Short pulses are 30 ms, long pulses are 300 ms, and a flat line indicates
o stimulus delivered to that finger. SOA’s are either 0 or 30 ms.

onfigurations tested (from 14 distinct pairs, including mirrors).
ach bar in Fig. 3 was obtained by counting the correct responses
ut of 10 repetitions for all 11 participants and dividing this
umber by the total number of presentations of that particular
timulus. The error bars represent the standard deviation of this
verage. The graphic pairs below each bar specify the stimulus
arameters for the middle (left graphic) and ring (right graphic)
ngers: absent, short and long black regions indicate stimulus
urations of 0, 30 or 300 ms, respectively, and a black region
top a short white region indicates a 30 ms delay. For example,
n Fig. 3, stimulus 7 represents the presentation of a long stimuli
pplied to the middle finger and a long (300 ms) delayed (30 ms)
timuli applied to the ring finger (backwards masking of the
iddle finger) along with its mirror, i.e. backwards masking of

he ring finger. A correct response to these stimuli would be
both”.

A single-factor, 3-level analysis of variance (ANOVA)
onfirmed a statistically significant effect on identification per-
ormance of masking type (p < 0.001, F = 22.459), when all
bservations for each of the three masking types (CTRL, COM,
WM) are grouped. Common-onset masking produced the
and common-onset masking of vibrotactile stimuli, Brain Res. Bull.

reatest rate of erroneous responses, i.e. the most effective 349

asking, with the ANOVA comparisons showing significant 350

ifferences between COM and BWM (p = 0.041, F = 22.459), 351

dx.doi.org/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;
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timuli 1, 2 and their mirrors were applied twice for overall left/right balance.
ee Section 3.2 for further description of this figure.

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

We analyzed incorrect responses to determine whether errors
ere due to overlooking a masked target. We found that nearly
00% of incorrect responses indeed involved missing the short
target) stimulus: in these cases, the response to a masked trial
as the longer stimulus, rather than either ‘Both’, the correct

esponse, or the short stimulus, a different possible incorrect
esponse. Thus together with the observation of near-perfect
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esponses for both long and short unmasked single-finger stim-
li, we can conclude that an error is equivalent to a successfully
asked target. The types of error and error rates for each of the

timuli are presented in Table 1. Visual inspection of individual

t
i
c
B

able 1
rror rates and stimulus confusion matrix

timulus type Stim # Middle finger Ring finger

Delay Duration Delay Duratio

ontrol 1 0 0 0 30
2 0 0 0 300
1 0 30 0 0
2 0 300 0 0

ommon-onset Masking 3 0 30 0 30
5 0 30 0 300
5 0 300 0 30
4 0 300 0 300

ackward Masking 6 0 30 30 30
8 0 30 30 300
7 0 300 30 300
6 30 30 0 30
8 30 300 0 30
7 30 300 0 300

esponse distribution values indicate the % of participants who provided each of the
act the correct answer. Most bars in Fig. 2 are the average of the two rows of this tab
his table shows how the errors were distributed for each of the stimuli types (as des
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dentification performance data indicated that although there are
ifferences in overall task performance amongst participants as
videnced in the standard deviation bars for Fig. 3, trends across
timuli pairs are consistent for all participants.

We note that there was a difference in performance within
he mirrored stimuli for both COM and BWM, observable in
able 1 and most evident for stimuli 5 and 8. However, this
ifference was not statistically significant (p < 0.199 for COM
nd p < 0.307 for BWM) and we thus continued to group these
timuli in the larger analysis. We believe this was due to a
ifference in tactile acuity between the middle and ring fin-
ers. Our stimuli were presented at a standardized level and
ere not balanced for possible differences in perceptual sen-

itivity between middle and ring fingers, because of our goal
f testing worst-case “plug and play” use. From Table 1, we
bserve that while the target stimulus was in general masked
ore effectively for COM than BWM for the same mirrors of

timuli 5 and 8 (lower percent correct rates), the ring finger
as more sensitive (the short target stimuli noted more often
ith a “both” response for both the BWM as well as the COM

timuli.

.3. Response confidence

The confidence participants reported in their responses,
egardless of actual performance, is shown in Fig. 3: responses
f ‘1’ (confident) are counted and normalized to the total number
f trials. Confidence is similar for both types of masking (67.4
nd 74.2% for COM and BWM, respectively), and lower than
or the unmasked control trials (93.5%); a single-factor, 3-level
NOVA confirms a statistically significant effect of masking
and common-onset masking of vibrotactile stimuli, Brain Res. Bull.

ype on confidence (p < 0.005, F = 8.764). Post-hoc comparisons 394

ndicate a difference between both masking methods and the 395

ontrol stimuli (p < 0.001, F = 8.764), but not between COM and 396

WM. 397

Q5

% Correct Response distribution (%) Conf Level (%)

n Middle Ring Both

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

69.1 25 5 69 49.1
21.8 0 78 22 71.8
36.4 64 0 36 70.9
87.3 10 3 87 81.8

75.5 2 23 75 59.1
33.6 4 63 34 70.9
89.1 5 6 89 88.2
83.6 10 6 84 65.5
63.6 35 1 64 71.8
90.9 5 5 91 90.0

possible responses; % Correct simply repeats the distribution value that was in
le which represent mirrors of the same stimuli.
cribed in Fig. 2) used in the study. Q6

dx.doi.org/10.1016/j.brainresbull.2008.01.018
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There are two notable observations to be made of the con-
dence results. First, the lowest level of confidence (49.1%)
as accorded to the simultaneous presentation of two short sig-
als to both fingers (COM stimulus 3) and substantially lagged
ctual performance (69.1%). Secondly, confidence levels for
OM stimulus 5 and BWM stimulus 8 (in both cases, masking
f a short target) were identical (71.4%). Actual performance
evels for those stimuli (21.8, 36.4 for the two mirrors of COM
and 33.6, 63.6 for BWM 8) were much lower than confidence

evels in these instances. Taken together, these two observa-
ions suggest that while the masker’s length (30 ms vs. 300 ms)
id not substantially change performance, it did substantially
hange confidence in performance. That is, participants had high
onfidence that only one signal was present, when in fact both
ere.

. Discussion

.1. Masking performance

The results obtained indicate that some form of masking
s possible under the selected conditions and with the hard-
are tested. Both of our base stimuli (30 and 300 ms) could be

ccurately (98.0%) identified when presented in isolation, but
dentification performance dropped to 31–87% when combined
ith a masker in some form. A review of individual participants

esults (not presented) shows that while differences exist, indi-
iduals exhibit the same general pattern of performance across
timuli (i.e. a graph like Fig. 3 has roughly the same shape for
very participant, but at slightly different amplitudes).

In their general trend, our results are consistent with pre-
ious work in the areas of haptic and vibrotactile backward
asking and visual common-onset masking, where a decreased

evel of target identification accuracy is induced by the introduc-
ion of a masking stimulus presented contiguously (temporally
nd spatially) to the target stimulus. However, differences in
ur methodology and type of stimuli offer new and more fine-
rained insights with respect to overall masking results obtained.
e will first develop these by comparing our BWM results with

revious studies that employed a similar methodology to ours,
nd then proceed to look closely at new comparisons possible
ithin our own data.

.1.1. Type of errors and stimulus complexity
Evans [11] reported 20–65% overall error rates under back-

ard masking at SOA in the range of 26–106 ms; of these,
0–30% were attributed to the use of the masker as response
the remainder of errors were random). In contrast, our results
or both BWM and COM stimuli show nearly 100% of errors
out of overall error rates of 49–90% for our three BWM stimu-
us variants) being made by using the masker as the response
Table 1). We believe that the increased specificity in type
f error which we found (as opposed to differences in over-
U

Please cite this article in press as: M. Enriquez, K.E. MacLean, Backward
(2008), doi:10.1016/j.brainresbull.2008.01.018

ll error rate, which are harder to compare given differences
n setup) is due to the simplicity of the stimuli used here
only three possible cases: left, right or both) as well as the
asking paradigm employed. In our design, a successfully
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asked stimulus was one where the participants respond with
he masker.

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

.1.2. Other potential mechanisms: temporal integration
Temporal integration is often cited as an explanation for

ecreased levels of accuracy in stimulus recognition when stim-
li are presented closely in time [3,12]. These studies suggest
hat target identification may be disrupted because the target and
on-target form a composite pattern through temporal integra-
ion. For example, in vision, if two semicircles (one left and one
ight) are target and masker, respectively, then integration would
esult in perception of a full circle composite.

We believe it is unlikely that the incidence of masking
bserved in our study is a result of temporal integration: this
ould imply that the target and masker form a composite per-

ept that is the temporal and/or spatial sum of both signals. Our
ypothesis is that with our paradigm, temporal integration would
ork against any of the masking techniques used and would in

act improve stimulus identification accuracy: temporal integra-
ion of a short stimulus presented to one finger and a longer
timulus presented to another finger would form a composite
ercept. Based on findings in vision (where, for example, “−”
nd “|” are integrated and perceived as “+”), the composite per-
ept is most likely to be that of both fingers being stimulated,
.e. the expected correct response [27].

.1.3. Common-onset masking as compared to backwards
asking
To the best of our knowledge, this is the first study to investi-

ate tactile common-onset masking using standardized stimuli
evels presented to separate but contiguous loci as represented
y stimulus pair 5; and one of a few studies which assess any
orm of tactile COM [16,40]. Di Lollo et al. [7], investigated
his form of masking for visual stimuli (which are not typically
tandardized by individual); our study was designed to mimic
heir setup while using tactile stimuli. In vision, the masker takes
he form of four dots presented simultaneously and surrounding
ut not touching a target shape. The target can appear in one
f eight possible locations on a screen. The dots remain for a
eriod of time after a brief presentation of the target shape. Par-
icipants are unable to identify a target shape within the dots and
and common-onset masking of vibrotactile stimuli, Brain Res. Bull.

eport only the presence of the dots. In our study, a short tac- 502

ile stimulus is presented simultaneously with a second stimulus 503

hich remains present after the short stimulus has ended. The 504

arget can be presented to the middle finger, the ring finger or 505
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oth loci simultaneously. Participants are unable to perceive the
hort stimulus and report only the long one.

In the present study, we found that COM provided the most
ffective masking overall. In particular, COM stimulus 5 pro-
uced a participant response accuracy of 29.1% correct as
ompared to 48.6% for BWM stimulus 8, whereas confidence
evels were similar. Our data are consistent with the view that
his difference in performance is the result of a combination of
wo different masking mechanisms similar to those observed in
ision. Both COM and BWM can in theory be subjected to the
ackwards (interruption) mechanism of masking (which Enns
ound to be strongest at 0 < SOA < 100 ms for vision) [8]; but
OM additionally may be affected by camouflage (or noise)
asking, which is strongest at SOA’s ∼ 0 [38,14,1,16,26]. These

ime estimates could plausibly be used as a first crude approxi-
ation of durations required for tactile signal processing if we

ssume that they involve a substantial cognitive component, as
s believed to be the case for visual pattern processing.

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

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

From a high-level theoretical standpoint, our results might be
xplained by the proposed existence of the same type of higher
evel perceptual processes that have been recently explored
n vision, i.e. re-entrant processing of the target stimulus [7].
his theory states that perception of an object (or stimulus) is

he result of a series of hypothesis-confirmation stages: when
stimulus is first detected, a hypothesis is built as to what

he stimulus is. This hypothesis is later confirmed or modified
ased on subsequent gathering of information. The theory of
e-entrant processing is controversial, and temporal estimates
f loop confirmation duration are scarce (10–13 ms has been
roposed [31,20]); however it does provide an attractive expla-
ation of what we have observed. In the case of stimulus 5 (COM,
hort target and long masker), the initial hypothesis is that there
U

Please cite this article in press as: M. Enriquez, K.E. MacLean, Backward
(2008), doi:10.1016/j.brainresbull.2008.01.018

s one stimulus being presented to each finger. This hypoth-
sis is later rejected when the data available at a subsequent
ime (after the short target has terminated) points to a single
timulus being present. In this way, after an initial stimulation
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scends through the perceptual system, an iterative-loop system
cts to reduce noise to establish the most plausible perceptual
nterpretation.

.2. Confidence and its relation to masking

To the best of our knowledge, this is the first study to report
onfidence in responses to masked vibrotactile stimuli. It is
mportant to look at confidence levels in relation to performance
evels for the different stimuli utilized. A high level of confidence
ndicates that the participants were certain about their interpreta-
ion of the stimuli being presented; when combined with a high
rror rate (low % correct responses); it implies that masking that
ent beyond “confusing” participants to convincing them of the

rror case. Conversely, a low confidence level indicates that the
articipants felt they were unable to clearly perceive the stim-
li, and might be paired with either a high but uncertain actual
erformance or genuinely confused, low performance.

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

Stimuli 3 and 6 (COM and BWM versions, respectively
f short stimuli on both fingers) both exhibit a perfor-
ance/confidence disparity of about 20%, as compared to <5%

bove. This means that participants were correctly identifying
he stimuli (70–80% accuracy) significantly more often than they
elieved (49–62% confidence levels, with lowest confidence for
OM stimulus 3).

Confidence levels are equal (71%) amongst the two stimuli
hat show the strongest masking effects: 5 (COM) and 8 (BWM),
oth involving a short target and long masker. For both of these
timuli, confidence levels were considerably higher than perfor-
ance levels. The COM stimulus was correctly identified only

9% of the time and the BWM stimulus was identified 49%
f the time (chance = 33%). This suggests that participants were
onfident that they had perceived and interpreted the stimuli cor-
ectly more often than they did, with disparities of 42% (COM)
nd 22% (BWM). The higher confidence/performance values
s compared to stimulus pairs 3 and 6 are very likely due to
he difference in length of masker; 5 and 8 have a long masker
hich dominates the target more effectively than that of 3 and
. However, the target in both cases is clearly detectable when
lone.

From the standpoint of designing information-bearing signals
hat will be intentionally masked from conscious perception at
eriods of high cognitive workload, we can speculate that high
onfidence-performance disparities are positive: the goal here
and common-onset masking of vibrotactile stimuli, Brain Res. Bull.

ould be to achieve high correct identification performance, 614

ithout a conscious awareness of the target information having 615

een received. Conversely, however, uncertainty about percep- 616

ion might contribute to cognitive load at the same time that 617
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ttentive processing of the unmasked signal has been averted.
owever, further work is required to substantiate such theo-

ies.

. Conclusions

To the best of our knowledge, this is the first report of an
nvestigation of the effects of common-onset masking of vibro-
actile stimuli presented to separate but contiguous locations
sing fixed amplitude stimuli, and the first report of participant
onfidence levels when identifying the masked vibrotactile stim-
li. Most of the existing work on haptic and vibrotactile masking
as focused on testing different forms of forward and backward
asking techniques and to the best of our knowledge, none have

eported participant confidence.
Specific contributions of the present study include observa-

ions that for synthetic vibrotactile signals, (a) common-onset
asking (exemplified as simultaneous presentation of a short

arget with a longer masker) shows the strongest masking effect
mong the set of masking techniques tested, (b) backward
asking presents lower, yet significant, masking levels and (c)

onfidence levels for participant responses are affected equally
y backward and common-onset masking. We propose that the
erformance differences we have observed between COM and
WM may be explained by an additive effect of two com-
lementary masking mechanisms similar to those which have
een observed in visual signal processing. Meanwhile, the pat-
ern of confidence levels we observed suggest that if we intend
o deliberately mask stimuli yet maintain confidence levels as
igh as possible (for the purpose of participant comfort while
utomatically processing information-bearing signals which are
eliberately “hidden” from conscious processes) we should con-
ider using common-onset masking.

The stimulus design and masking paradigms presented
omprise an innovative method for investigating the masking
haracteristics of simple vibrotactile patterns. The use of simple
nformation-bearing stimuli has allowed a better understanding
f the underlying processes that occur when identifying masked
timuli. Although common-onset masking has been explored
or the sense of vision, our work has not only applied similar
echniques to the sense of touch but has also opened up the pos-
ibility of further investigating possible commonalities between
igh-level visual and haptic perceptual processes when stimuli
re masked.

The experimental method and analysis techniques developed
an be used both to determine tactile communication bandwidth
hen using multiple vibrotactile displays for interactive devices

to maximize communication ratios) as well as to further study
actile perceptual processes.
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