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A BSTRACT
We summarize a newly-found effect of visual scale on perception
of position for a 2D vibrotactile cue and propose this can be modeled to improve accuracy of display. In our experiment, a 2D array
of vibrating motors presents a stimulus to the palm. Subjects indicate stimulus’s position under varying visual scales and presence or
lack of visual reinforcement. To model apparent systematic errors,
we define a radial expansion metric, roughly the radial difference
between stimulus and response. We show visual scaling causes a
change in radial expansion and also show an interaction with reinforcement. We illustrate radial expansion with an error-warped
stimulus grid and suggest some systematic process was responsible.
Index Terms:
H.5.2 [Information Interfaces and Presentation]: User Interfaces—Haptic I/O; H.1.2 [Models and Principles]:
User/Machine Systems—Human factors;
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I NTRODUCTION

This paper discusses a systematic error relevant to vibrotactile position cuing in applications with graphical interfaces. When exploring a virtual dataset, users typically have restricted views of a
wider-scoped rendering. These views may also be strewn with numerous annotations. Through these impediments, a user navigates
the dataset to locate some interesting feature. If a haptic stimulus
cues our user to this feature, a disparity in scale between haptic and
visual stimuli can occur. We hypothesize this disparity in size and
variability of visual reinforcement impact position accuracy for a
vibrotactile stimulus to the palm. The resultant effects concerning
visual scale show a potential for calibration. We intend to base our
model for calibration on a radial error metric in which the stimulus’s radial distance and the ratio of visual to haptic scale are taken
into account. This work is part of a larger study described in [3].
In his taxonomy of tactile illusions [2], Hayward discusses two
instances of the mislocalization of vibrotactile stimuli. In the “funneling’ illusion, placement of two vibratory stimuli is perceived as
one stimulus in between the two sites. The “cutaneous rabbit,” an
illusion investigated by several haptics researchers, causes several
discrete stimuli to affect a continuous, traveling pulse. It is also
suggested other such illusions exist, and that the research involving
vibrotactile display devices contains a bounty of such knowledge.
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M ETHODS

2.1 Apparatus
We used the palm-sized vibrotactile array developed by Borst et
al. [1] to deliver stimuli during our experiment. Seen in Figure 1, it
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Figure 1: The vibrotactile array used in our experiment. Six rows of
five pager motors are mounted on a project box. Nylon washers and
foam pads allowed consistent contact for all regions of the palm

consisted of six rows of five DC motors. Each had a 14 mm diameter and was spaced with 18 mm separating motor centers. Thus,
we refer to 18 mm as one array unit. We affixed nylon washers
and foam pads to motors to isolate vibrations and allow a consistent contact pressure for all regions of the palm. A controller board
within the project box provided serial communication with the host
computer. While we could not precisely control amplitude or frequency of vibrations, a pulse width modulation scheme adjusted the
intensity of vibrations. The vibrating motors operate between 27
and 100 Hz, depending on contact pressure and pulse width modulation pattern.
2.2 Design
For this experiment, we considered three Within-Groups variables:
Subject, Visual Scale, and Reinforcement. Six experienced subjects
with a median age of 26 years participated in the experiment. The
Visual Scale had three levels: half-size (VSH), unit-size (VSU),
and double-size (VSD). In the case of VSU, the size of the visual
feedback matched the size of the vibrotactile display device exactly.
The availability of correct answer reinforcement also varied, for
the levels Without Reinforcement (WOR) and With Reinforcement
(WR). For WR we visually displayed the correct stimulus position
after the subject gave a response, as in Figure 2.
We also considered one Between-Groups variable, Point Type
(5 levels), that indicated a stimulus’s position relative to adjacent
motors. All Point Types were rendered by converting a position cue
to motor intensities via area sampling, as in [1]. First, C1M denoted
a point rendered on the center of one motor. The second and third
cases, E2H and E2V, indicated a point between two horizontally or
vertically adjacent motors, respectively. The fourth case, E4N, was
equidistant to four neighboring motors. These cases are illustrated
in Figure 3. We also generated a group of random points, RAN,
spanning the area of interest.
2.3 Procedure
We conducted an open response experiment to investigate accuracy in locating vibrotactile position cues. Each session consisted

Figure 2: A view of the data collection software with stimulus (red)
and response (green) marker circles. A timer (top-right) was active
during the stimulus, and a counter (bottom-right) informed subjects
of their progress during the trials.

Figure 3: The first four Point Types. Squares represent motors and
circles are stimuli. a) C1M: center of one motor. b) E2V: equidistant
to two vertically adjacent motors. c) E2H: equidistant to two horizontally adjacent motors. d) E4N: between four neighboring motors.

of a Demonstration, Training, and Testing Stage. Starting in the
Demonstration Phase, subjects placed their left hand on the palmarray and felt a series of short vibrations (each lasting two seconds).
We allowed, but did not instruct, subjects to look at the hand receiving stimuli, as would be the case during real use. During Training,
subjects marked the position of ten random points in a rectangle on
a graphical interface, Figure 2, with the current day’s experimental condition. The Testing Stage followed with 162 points per day.
Subjects rested for at least 30 seconds at the mid-point of testing.
Sessions generally lasted 30-40 minutes. Over six days of testing,
our subjects encountered 36 unique permutations of a point set. At
least one day separated successive testing sessions of a subject.
The order of conditions (6 Subjects × 3 Visual Scales × 2 Reinforcement Levels) was randomized but adhered to the following
rules. On any given day, for six subjects, we presented all six condition combinations, one per subject. The experiment presented
visual levels in one order over the subject’s first three days, then
the reverse order. Reinforcement levels alternated between days of
testing; half the subjects started with reinforcement, half without.

Figure 4: Error magnitude against Visual Scale and Reinforcement.
The large change between the last pair of error bars illustrates the
interaction between Visual Scale and Reinforcement.

3 R ESULTS AND D ISCUSSION
3.1 Main Results
We performed an ANOVA for Repeated Measures over the 36 experimental conditions of Within-Groups variables (6 Subjects × 3
Visual Scales × 2 Reinforcement Levels) and the dependent variable error magnitude. The analysis also included a Between-Groups
variable of Point Type.
Our analysis reported significant effects for each Within-Groups
factor. Most notably, the Subjects exhibited significant differences
(F(4, 5) = 92.57, p < 0.001), as did the Visual Scales (F(4, 2) =
8.72, p < 0.001). WR had less overall error than WOR (F(4, 1) =
8.43, p < 0.005). The analysis also detected interactions between
Visual Scale and Reinforcement (F(4, 2) = 3.51, p < 0.05). For
Visual Scale, Post-Hoc Tests with Bonferroni corrections showed
VSH to produce less error than both VSU and VSD.
The interaction between Visual Scale and Reinforcement was evident in the last pairing of Figure 4. Recall from our results that
VSH contributed less error than VSU and VSD. As Visual Scale
increased, it was initially the dominant effect. Though not shown
explicitly here, pooled VSU and VSD had similar error magnitudes.
Once we noted this, Reinforcement showed more of an influence for
VSD. This observation gave credence to our hypothesis that Visual
Scale and Reinforcement affect accuracy.
3.2 Radial Error
To investigate possible systematic error in the data, we computed
the mean error vector at stimulus points and warped the illustrated
stimulus grid by these amounts, see Figure 5. Grid points for this illustration consisted of C1M, E2H, E2V, and E4N, resulting in a nine
by eleven stimulus grid. Despite significant differences between our
subjects, a general trend of expanding cells still occurred around
the center of the grid. This can be visually verified by comparing
areas of warped cells to those of unwarped cells. The expansion
caused a general shift of neighboring cells, verified by comparing
cell centers. Finally, a contraction appeared near the edges of the
grid. Excluding the four corners where a pinching effect occurred,
subjects marked near-edge points more toward the grid center.
We considered an error model in which our independent variable was stimulus radius, the length of a radial vector from array center to the stimulus point. We defined a radial expansion
metric, radial error, as the signed magnitude of a position error
vector projected onto the corresponding normalized stimulus vector. We then performed an ANOVA over this metric. Post-Hoc

Figure 5: Warped grid representing mean stimulus-response mapping. Grids in the left column are half-size (VSH), center are unitsize (VSU), and right are double-size (VSD). Top row grids are Without Reinforcement (WOR) and bottom are With Reinforcement (WR).
Each colored quadrilateral is mapped from the regular grid, double
resolution of the array. Outer perimeter cells are not stimuli.

Figure 6: Radial Error Smoothers by Visual Scale. Each case contains a global maximum. The Unit Visual Size (VSU) had the highest
radial error. VSH contained less radial error than both VSU and VSD.

Tests attributed less radial error to VSH than to VSU and VSD
(F(4, 2) = 33.136, p < 0.001). Thus, the effect is dependent on Visual Scale, further illustrating the cross-modal perceptual illusion.
In Figure 5 this change was most noticeable between levels VSH
and VSU. Corresponding quadrilaterals were generally smaller in
VSH near the array center. Also, VSH maintained more of the underlying, regular grid. This observation was consistent with the
summary statistics and, as was the case for error magnitude, VSD
experienced less radial error when paired with WR.
As a preliminary model, we approximated the relationship between radial error and stimulus radius as quadratic. Investigation
of Local Linear Regression Smoothers, see Figure 6, strengthened
this idea. The curves had low radial error for points near the array center, then increased to a global maximum before decreasing.
These plots also demonstrated differences between Visual Scales
consistent with that above. Each contained a dip after the global
maximum. Occurring near a radius of 2.0, this captured the contraction where subjects marked edge stimuli nearer to the center.
We fitted data points (neglecting corners by considering only
samples in the largest inscribed ellipse for the stimulus grid)
to quadratic functions via Singular Value Decomposition. The
quadratic fits showed promise during a 2-fold cross validation comparing the error before and after estimated calibration. For persubject fits, three subjects would perform better with calibration
(F(1, 658) = 125.64, 393.92, 4.62; p < 0.05) and one would worsen
(F(1, 658) = 56.65, p < 0.05). For a fit with subjects pooled, we

Figure 7: Radial error smoother surface against stimulus radius and
angle, measured counter-clockwise from the downward direction.

also predicted lower error (F(1, 3958) = 213.28, p < 0.001). These
results suggested generic calibration may provide enough improvement for practical use when customized fits are not feasible.
We also considered the symmetry of expansion in Figure 7. In
addition to radius, we considered the angle of the stimulus vector
measured from the downward direction. We saw a distinct saddle
near an angle of 2.0 radians, the upper right portion of the array.
This suggested the use of a stimulus’s radius does not fully model
radial expansion. A partitioning of the vibrotactile array based on
hand regions may improve our model.
4 C ONCLUSION
We have demonstrated radial expansion as a systematic effect
within our experimental data. While the degree of error was found
to be dependent on visual scale and visual reinforcement, it existed
in every case of these variables. The effects of visual scale and
reinforcement show that expansion cannot be explained solely by
device features such as device-hand contact characteristics. The
center and edges of the array demonstrated the lowest radial error.
On the edges, and in particular the corners, subjects were restricted
by the visual and haptic borders. Thus, the misjudgment of a stimulus’s radius was restrained.
The impact of radial expansion is not limited to position cues.
Perceptual artifacts of radial expansion may include non-uniform
speed of a point rendered across the palm. Primitives such as circles
might feel asymmetric if rendered off-center, and those centered on
the array might seem larger or smaller than intended. Investigating
such effects will produce knowledge for improving the accuracy
and communicative power of haptic displays.
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