Weak spatial constancy in touch
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ABSTRACT

We propose extending the concept of spatial constancy to haptic
perception. In vision, spatial constancy refers to the conversion of
retinotopic signals into spatiotopic representations, allowing the ob-
server to perceive space independently of his or her own eye move-
ments, or at least partly so. The problem would seem at least as im-
portant in haptic perception, where sensory surfaces undergo even
more complex movements in space. Here we develop a method-
ology for studying haptic spatial constancy, which involves a tac-
tile display mounted on a mobile platform, and which allows us
to decouple movements of the sensory surface—in this case the
fingertip—f{rom movements of objects on the fingertip. Using this
apparatus, we find evidence for only weak haptic spatial constancy.

1 INTRODUCTION

Any perceptual system with mobile sensors faces the problem of
converting signals into a spatiotopic reference frame, in which ob-
jects’ positions and motions are represented independently of the
sensor movements and the shifts that they induce. In vision, these
processes and their perceptual outcome are known as spatial con-
stancy, and have long been an object of study by experimental psy-
chologists, psychophysicists, and neuroscientists (see ref. [8] for
a recent review). Although positions of objects abruptly change
on the retina due to fast eye movements (saccades), and velocities
are distorted due to slow movements (smooth pursuit), we usually
perceive a stable, spatiotopic visual world, despite the retinotopic
havoc caused by eye movements. However, slow eye movements
may lead to less spatial constancy in vision than fast movements
[51.

Despite the fact that the same problem exists for touch—and
is probably more severe, due to the many more degrees of free-
dom that the touch sensors have—little is known about spatial con-
stancy in the touch modality. After all, most objects that we actively
touch are themselves stationary (with respect an earth-fixed refer-
ence frame), and we usually perceive them as such. Do we simply
assume that objects that we actively touch as stationary, or do we
calculate their motion in a spatiotopic reference frame by adding
their motion on the fingertip (say) to the motion of the fingertip in
space?

The goal of the present experiment is to begin to answer this
question by decoupling and simultaneously varying the velocity of
a simulated object on a fingertip, and the velocity of the fingertip
in space, both in one dimension. The subject’s task was to report
the direction, left or right, of the perceived motion of the object
in space. If subjects have haptic spatial constancy, their responses
should depend on the sum of the two velocities (which is the actual
velocity in space), and if they do not, then the responses should
depend only on the velocity of the object on the fingertip.
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Figure 1: The Latero tactile display, shown separately (left), and
mounted on the slider, beneath a fingertip (right). The slider is
moved by the subject, and its position is read by means of a ro-
tary encoder (shown on the right). The signal is sent to an Arduino
microcontroller board, which activates the 64 pins of the tactile dis-
play as a function of the slider’s position and the parameters of a
given trial. The overall refresh rate is about 1000 Hz.

2 EXPERIMENT
2.1 Methods

We used a tactile display called the Latero (Tactile Labs, tactile-
labs.com) that operates by deforming the fingerpad skin with an
array of laterally moving pins actuated by miniature piezoelectric
bending motors [7]. The display consists of an 8 x 8§ array of inde-
pendent pins within an area of about 1 cm®>—see Figure 1. The Lat-
ero was mounted so as to slide on a linear track (parallel to the pins’
motion), and its position was read using an optic encoder whose
pulses were counted using a dedicated quadrature counter; the po-
sitional resolution was better than 10 um. This position output was
fed into an Arduino Mega microcontroller board (http://arduino.cc)
which into turn updated the pins of the tactile display using a par-
allel interface, and handled infrequent serial communication with a
PC that controlled the experiment, provided instructions to the sub-
ject, collected responses and recorded data. This setup allowed us
to update the tactile display at about 1000 Hz.

Throughout the experiment, the subject placed the pad of the
index finger of his or her dominant hand on the horizontal surface
of the tactile display, with the finger perpendicular to the track. The
subject was seated with the elbow flexed at about 90°, and the track
oriented so that motion could be naturally performed by rotating the
elbow while keeping the wrist stiff. There was little slip between
the finger pad and the display during normal sliding motion, due to
the low friction of the track.

On each trial, the subject was first instructed to slide the tactile
display to the left of the track. The subject then slid the display to
the right, at a speed as constant as possible. During this phase, the
tactile stimulus was applied. The stimulus consisted of a wave of
lateral pin deflection simulating a quartic bell-shaped bump perpen-
dicular to the x dimension (which was parallel to the track), with all
8 pins in each column set to the same deflection. The deflection fol-
lowed the first derivative of this shape, and therefore had the form
x(x%—1), with y = x/w, with w = 2 mm. Each pin could be set
to one of 144 discrete levels, which was used to antialias the virtual
object shape.
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Figure 2: Ideal and real data. Each point represents one trial, with the x-axis representing the velocity of the finger in space, and the y-axis
the velocity of the object with respect to the finger. Trials in which subjects reported motion to the right will be marked blue, those in which
they reported motion to the left red. (a) Ideal data for no spatial constancy, and perfect constancy. (b) Real data for the three subjects.

The velocity of the virtual object, with respect to the display and
therefore with respect to the finger, was randomly chosen on each
trial between —45 cm/s (opposite to the rightward finger motion)
and +22.5 cm/s (in the same direction as the finger). As soon as
the finger crossed a threshold (randomly chosen to be with 4 cm of
the track’s center), the stimulus was virtually placed at 1 cm from
the display’s center (and therefore wasn’t yet felt, since it fell out-
side the physical display), either to the left or to the right, depend-
ing on its subsequent motion direction. The stimulus then moved
at its constant, previously chosen speed, simulating a narrow bump
moving across the finger pad. When the subject’s finger arrived at
the far right of the track, the subject responded as to whether the
felt object moved to the right or to the left in space. The reference
frame was emphasized by telling the subject not to respond to mo-
tion relating to the finger, but rather relative to the table or the room.
The response was given by pressing one of two mouse buttons.

We wanted subjects to spontaneously move their fingers between
5 and 30 cm/s, and to vary their speed from trial to trial within this
range. We helped them to do so by giving a speed instruction at the
beginning of each trial, according to which they were to either move
faster or slower than on the previous trial. If the measured speed on
the previous trial (during the phase when the stimulus could be felt)
was between 8.75 and 26.25 cm/s, then the instruction was the same
as on the previous trial. If the speed on the previous trial was either
above or below this range, the subject’s instruction on the next trial
was to go slower or faster, respectively.

Three subjects participated in the experiment, the first author and
two naive but psychophysically experienced subjects. Each subject
performed between 300 and 400 trials, which took about half an
hour. The experiment was performed in a dimly lit room.

2.2 Results

We will represent raw data from each trial as points on a scatterplot,
with the x-axis representing the velocity of the finger in space, and
the y-axis the velocity of the object with respect to the finger. Color
codes response: trials in which subjects reported motion to the right
will be marked blue, those in which they reported motion to the left
red. Ideal data, for total lack of spatial constancy, and for perfect
constancy, are shown in Figure 2a. When constancy is lacking,
responses are based on proximate velocity, i.e., the velocity of the
object on the finger. For perfect constancy, responses are based on
true spatial velocity, which is the sum of the velocity of the object
on the finger and the velocity of the finger in space.

Subj.  Coeff. Lower bound Upper bound
MW 0.31 —0.07 0.45
BS 0.40 —0.22 0.77
EH 0.10 —0.40 0.52

Table 1: The fitted degree of constancy (k). Results are given for
the three subjects, together with 95% confidence intervals.

The actual data for the three subjects are shown in Figure 2b.
Although visually we can see some evidence for constancy, espe-
cially in the first two subjects, this appears to be much weaker than
the perfect constancy shown in Figure 2a. The degree of constancy
can be quantified using a linear model that assumes that perceived
velocity v, is given in terms of velocity of the object with respect
to the finger, v;, and the velocity of the finger in space, vy, as

Vp =V +Kvf

where K is a coefficient that quantifies spatial constancy: k¥ = 0 cor-
responds to no constancy, and k = 1 to perfect constancy. Subjects’
responses were fitted using least-squares to

R~ cla(vi+Kxvy) +b]

where o is the logistic function. Finally, a bootstrap analysis [3]
with 1000 resamples was used to calculate 95% confidence inter-
vals on the values of the constancy coefficient k.

The results of this analysis can be seen in Table 1, separately for
the three subjects. They confirm our impression that haptic spatial
constancy, if it exists at all, is extremely imperfect. In fact, we
cannot statistically exclude a total lack of constancy (k = 0) for
any of the subjects. We can, however, exclude perfect constancy
(x =1) for all of them.

3 DISCUSSION

Having proposed a notion of haptic spatial constancy, we have de-
vised a technique to measure the degree of such constancy. We have
found this degree to be quite low, between 10% and 40% in our sub-
jects. Statistically, we cannot exclude a complete lack of constancy
in any of the subjects, but we can exclude perfect constancy in all
of them. It is possible that the small (and statistically insignificant)
degree of constancy measured in all subjects was due to explicit



reasoning of the type, “I'm moving very fast to the right, the stim-
ulus is moving very slowly to the left on hy fingertip, so it must be
moving to the right” This sort of extra-perceptual process cannot
be excluded, especially because the task was felt by all subjects as
being quite hard.

We have obtained a comparable result in a different experiment
recently carried out in our laboratory [4]. We studied the percep-
tion of the size of objects through active touch, reasoning that to
accurately judge the size of all but the smallest objects, an observer
touches one edge and then another; to determine the size of the
object—the distance between the two edges touched—one either
has to use proprioceptive information about the positions of the two
touches, or integrate finger velocity over the period between the
two touches. Using a force-feedback device (rather than a tactile
display), we applied two small lateral force pulses to the moving
finger, which were shown in ref. [6] to be perceived as the edges
of an object. We found that most subjects are very inaccurate at
judging size when it is co-varied with finger speed, and in fact
have the following curious illusion: when moving twice as fast over
the same object, subjects judge the object as being nearly twice as
small. Thus, size judgements appear to be based on duration be-
tween touching an object’s edges, rather than an integral of velocity
over the duration. This last result can also been seen as evidence
for a lack of spatial constancy. Together, the two results add up to
a convincing argument that spatial constancy is weak, and certainly
much weaker than in many cases in vision.

Additional recent evidence for weak spatial constancy in touch is
provided in ref. [9], who found that under certain conditions partic-
ipants failed to detect that Braille dots had changed spatial location
as they moved between their fingers.

Could our results be due to the poverty of our stimulus? After
all, the tactile display that we used produces lateral skin deforma-
tions, but no net lateral forces nor other geometrical cues. Evidence
that our display produces stimuli perceptually similar to real objects
was provided in ref. [7], where it was shown that subjects could
judge of the orientation of slanted lines with an accuracy better than
10 degrees, which is in line with known thresholds in humans [1].
Moreover, the display readily produces phenomena such as tactile
apparent motion [2]. However, we cannot completely exclude that
something about our moving tactile stimuli affected the reference
frame in which they are processed; a final confirmation of the gen-
erality of our findings will have to wait until they are reproduced
with real moving objects, or with tactile displays with very differ-
ent properties.

The weakness or lack of haptic spatial constancy has interesting
consequences, both theoretical and practical. From the theoretical
standpoint, we may ask why objects don’t seem to move backwards
when we run our fingers over them. After all, in the experiment de-
scribed here, subjects often responded that stationary objects (ones
whose velocity on the finger was equal-and-opposite to the finger’s
velocity in space) felt that they moved in the direction opposite to
that of the finger. Why aren’t we plagued with this illusion in ev-
eryday life? Could it be because we’re simply not paying attention
to the backward motion? If so, can some aspects of spatial con-
stancy in vision also be explained by inattention? Another interest-
ing possibility is that haptic spatial constancy may rely on visual
spatial constancy, and may thus be intrinsically multimodal. From
the practical standpoint, the weakness of spatial constancy may be
useful to those who are trying to build realistic haptic interfaces, as
it shows that precise compensation for the user’s motion in order
to simulate stationary objects may be neither necessary nor even
desirable.
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