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Abstract

Colors are widely used in multimodal computer
interfaces. As the technology advances, haptic
interaction will be integrated into current
interfaces. This paper describes the influence of
the colors on the haptic perception of textured
surfaces based on 8 experiments. Our results show
that (1) colors do have influence on the haptic
perception, but they do not make the perception
error rate higher than when no color is used; (2)
Up to 6 types of colors can be used in haptic

interfaces without worsening the haptic perception,

(3) vellow has an error rate that is statistically
significantly lower than that of 5 of 8 color
conditions and can be used without worsening the
haptic perception; (4) The finding of two special
orders for haptic perception demonstrates that
human haptic perception is very sensitive to
continuously increasing or decreasing changes of
the roughness, but has difficulty to discern the
randomly changed roughness.

1 Introduction

Current computer interfaces are visual-
information-centered. Most information is made
available to users through the visual mode, with
colors being widely used. Today, it is difficult for
us to imagine a computer interface without any
color.

On the other hand, psychophysical studies have
shown that surface properties are important for
haptic exploration of objects [1]. Textures are used
to enhance a haptic simulation by making it more
realistic and by conveying additional information.
In the computer world, one-dimensional sinusoidal
gratings (described in section 3.2.2 of this paper)
are often used to produce haptic textured surfaces
[2][3], because any surface profile can be modeled
by the weighted sum of sinusoidal functions [4].

As computers become more powerful and
affordable, the need for more effective interactions
between humans and computers becomes urgent.
This demand will lead to further development of
immersive and interactive multimodal virtual
worlds that are focused on displaying visual,
haptic, and auditory stimuli to the human operator
[5]-

There are interesting possibilities for more
elaborate interactions using the sense of touch. In
comparison with other sensory modalities, haptic
interaction is a special sensory modality in that it
combines sensing and action. The energy and
information flows it represents are bi-directional.
As we touch and manipulate objects, we
simultaneously change their state and receive
information about them [6].

On the other hand, the perceptual experience in
an environment depends on the interrelationships
among the different sensory and motor modalities
[5]. In the physical world, we use multiple
modalities when we engage in face-to-face
communication, leading to more effective
communication.

Integration of multiple sensory modalities will
make the user’s sensory experience more complete
[6]. The way we integrate information from
different sensory modalities is complex [7] and
can seriously contribute to the quality of
interaction in multimodal interfaces. A key
rationale for multimodal interfaces is to enable
tasks to be distributed over non-competitive
channels.

The design of a good multimodal interface is
quite challenging. For example, two modalities
can be combined and the resulting multimodal
percept may be a weaker, stronger, or altogether
different percept. There is strong evidence that
arbitrary combinations of information presented in
different modalities are ineffective [8]. For
example, the use of touch as a way of reducing
visual overload in the conventional desktop was
investigated [9] and the results indicated that the



haptic effects did not improve user performance in
terms of task completion time.

Psychophysical research into multisensory
perception has shown ample evidence that visual
information can alter haptic perception. An
interesting illusion first observed in the late
nineteenth century by Weber and recently
reviewed by Sherrick [10] is that cold objects feel
heavier than warm ones of equal weight [10]. In
another experiment, the perceived size of an object
appears to affect weight perception [11].

Therefore, it is important for the designers of
multimodal interfaces to have a clear picture of
what should and should not be done when
designing a multimodal interface. Different factors
contributing to the resultant effectiveness have to
be carefully studied and adequately balanced. The
mechanisms underlying human perception of
information in each mode involved, and more
importantly, the cross-interaction, or possibly, the
interference, between the information, are
important and therefore have to be studied.

Introducing haptic interaction into current
computer interfaces faces the same problem.
Therefore, this paper presents the influence of the
visual information, the colors, on the haptic
perception of the textured surfaces. We chose to
study color as a factor in the visual mode,
considering its prevalence in today’s computer
interfaces, and chose to study haptic textured
surfaces as haptic effects in the haptic mode.

2  Related Studies

In human sensing and manipulation of everyday
objects, the perception of textured surfaces is
fundamental to accurate identification of an object
[12]. As the simulation of surface textural features
in virtual environment became possible, the
research on the perception of virtual textured
surface strengthened. For example, the perception
of haptic texture button and that of other three
types of haptic buttons were studied and compared
[13]. In another study, the effect of texture
frequency on roughness perception was analyzed
[14].

Minsky [15] pioneered in the work on synthetic
texture rendering using a two-dimensional force
feedback joystick. Successful implementations of
texture rendering can also be found in
[16][17]][18]. These are studies on the
computational aspects of texture rendering.

The stability problem of synthetic texture
rendering was also studied [2]. Explored was the
parameter space within which perceptually stable
texture rendering can be achieved, using
one-dimensional sinusoidal gratings superimposed

on an underlying surface as the stimuli in the
experiments. Two texture rendering methods,
introduced by Massie [19], and Ho, Basdogan and
Srinivasan [18], respectively, were used.

The texturing rendering method used in this
study was based on that introduced by Massie
[19].

3 General Methods
3.1 Apparatus

The hardware setup consists of a PHANToM
(Model:  Premium EW) from SenseAble
Technologies, a dual Pentium III PC operating on
Window 2000 Professional platform and a
wireless liquid crystal stereo shutter eyewear
(Model: CrystalEyes 3) from StereoGraphics. This
model of PHANToM has a maximum stiffness of
around 1100 Newton seconds/meter and a
workspace of 19.5cm X 27.0cm X 37.5cm. The
shutter was used to enable subjects to see the 3D
experiment environment.

=

Figure 1 Hardware setup for the experiment

The Reachin 3.0 API [20] from Reachin
Technologies AB was used for programming the
experimental environment, in which haptic
interactions are made available through the
PHANToM. The programming languages used for
creating the 3D experiment environment are C++
(Borland C++ Builder 5.0), VRML (The Virtual
Reality Modeling Language) and Python.

3.2 Stimuli
3.2.1 The Colors

Six types of colors (red, orange, yellow, blue,
green and violet) are used as visual stimuli of the
experiments. They were chosen because (1) they
are most frequently used in computer interfaces; (2)
they cover the range of spectrum perceivable by



the human visual system.
3.2.2  Haptic Textured Surfaces

The haptic stimuli used for the experiments are
6 one-dimensional sinusoidal gratings super-
imposed on 6 underlying boxes. Each of the boxes
has an dimension of 17.0cm X 2.4cm X 0.2cm
(L X W X D). To simultaneously accommodate
6 haptic textured surfaces and 7 selection buttons
in our experiment environment, the boxes and 7
selection buttons are positioned such that they are
at the xy plane located at z=7.0cm (outside
towards the subjects) in the PHANToM coordinate
frame. The sinusoidal gratings are described by
z=Asin(2 7T x(t)/L)+A, where the A and L are the
amplitude and the spatial wavelength, respectively
(see Figure 2).

z=Asin(2 7 x(t)/L)+A
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Figure 2: An illustration of the textured surface
and its associated variables

In Choi’s study [2], there are two kinds of
texture rendering methods, F(t) and F,(t), and
two exploration methods, free exploration and
stroking.

We use the first method F;(t) in Choi’ s study [2]
for texture rendering. The force Fi(t) generated
can be calculated as follows:

0, z(t)<0

d(t)=
z(t)-Asin(2 7T x(t)/L)-A, 7(t)20

Fi(t) = Kd(t)nw,

where K is the stiffness of the surface, ny is the
normal vector of the surface of the underlying box,
(x(1), y(t), z(t)) are the coordinates of the stylus at
time t, d(t) is the penetration depth of the stylus
into the textured surface at time t.

In our experiments, only the stroking mode
(moving the stylus laterally across the textured
surfaces) is allowed so as to guarantee a stable
haptic rendering on each surfaces, because the
results of Choi’s study [2] show that (1) F;(t) has a
larger stable range of K (stiffness) than F,(t) for

the stroking mode; (2) The stroking mode results
in a more stable rendering of textured surfaces
than the free exploration mode (see the discussion
part of [2]).

For all experiments described in this paper,
amplitude A is fixed at 1.0mm. Because our
PHANTOM has a fairly larger value of stiffness K
than that of Choi’s [2], it is fixed at 450 Newton
seconds/meter for all experiments.

Six wavelength Ls (L1, L2, L3, L4, L5 and L6)
used are 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0mm, each
one being a possible candidate value to be used for
each surface. The actual value each surface has
will be decided randomly accordingtoa 6 X 6
Balanced Latin Square orders described in the
section 3.4.2.

3.3 Experiment Environment

The experiment environment is shown in Figure
3. In it, there are 6 haptic textured surfaces and 7
selection buttons. The 6 selection buttons (answer
buttons) to the right of the surfaces are used to
give a ranking (described in section 3.4.2) for the
roughness on the 6 surfaces.

Eight experiments were conducted in this
environment. There are totally 6 steps in each
experiment and in each step a ranking is required
as an answer.

3.4  Experiment Conditions
34.1 The Color condition

When a color, for example, the red, is painted
on all of the 6 textured surfaces, we call it as the
color condition Red. There are 6 color conditions:
Red, Orange, Yellow, Green Blue and Violet.

There are two additional color conditions called
6Colors and NoColor. Figure 3 shows the layout
of the experiment environment for the 6Colors
condition. The surfaces from the top to the bottom
are painted as red, orange, yellow, green, blue and
violet, respectively. These colors will not change
their positions on the surfaces from step to step
described in the section 3.4.2.

When a comparison is made, a standard must be
specified. The last condition, NoColor, is set up as
such a standard. In this condition, all of the 6
surfaces bear no color. But strictly speaking, there
is no clear definition for such a concept as no color.
We handle this problem by an approximation
approach described as follows:

The RGB values of the default background of a
scene created by Reachin API 3.0 are (0.3, 0.3,
0.3). The RGB value of (0.3, 0.3, 0.31) was chosen
to paint all the surfaces in the NoColor condition.

The resultant visual effect is that surfaces



almost integrate with the background of the
environment, with their profiles being marginally
discernible. This gives the subjects of the
experiments an idea of where each surface is so
that they know which surface they are actually
exploring. But the color information available is
reduced to the minimum as a result of the almost
identical RGB values wused for both the
background and the surfaces.
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Figure 3

The layout of experiment environment

for the 6Colors condition

Therefore, there are 8 color conditions: Nocolor,
6Colors, Red, Orange, Yellow, Green, Blue and
Violet, each condition used for one and only one
experiment.

3.4.2 The Haptic Textured Surface Condition

Each of the 8 experiments terminates when 6
steps are completed (described below). The value
of L for each surface varies from one step to
another. Haptically, the larger the L, the rougher
the surface feels.

A 6 X 6 Balanced Latin Square is used to
control the actual L value a specific textured
surface should have. Specifically, assuming that
when L1, L2, L3, L4, L5 and L6 are used for the 6
surfaces from the top to the bottom in Figure 3,
respectively, the order is named as

L1L2L3L4L5L6. The 6 X 6 Balanced Latin
Square for the six L values is shown as follows:

Step 1: (Order A) LIL2L3L4L5L6.
Step 2: (Order B) L2L4L6LI1L3L5
Step 3:  (Order C) L3L6L2LSL1L4
Step 4: (Order D) LALILSL2L6L3

Step 5:  (Order E) LS5SL3L1L6L4L2
Step 6: (Order F) L6L5SL4L3L2L1

The advantage of this Latin Square is that (1)
each of the 6 L values appears precisely once in
each row and column; (2) each of the 6 L values
appears before and after each other an equal
number of time. Thus, the asymmetric transfer of
skill from one step to another is eliminated.

3.5 Hypotheses

It was hypothesized that the colors will
influence the haptic perception of textured
surfaces: (1) The error rate under different color
conditions will differ. (2) Hopefully, comparing
the error rate for NoColor condition with that for
other color conditions will show significant
difference.

3.6 The Experiment Task

At the beginning of each experiment, the
selection button below the surfaces (bottom button)
bears a prompt text “Start” and the 6 selection
buttons (answer buttons) to the right of the
surfaces have no prompt text on it (again, see the
Figure 3). When “Start” button is pressed, its
prompt text will disappear and the experiment
(step 1) begins. As the “Start” button is pressed,
the identical prompt text “No.1” will appear on all
of the 6 answer buttons. When any of them is
pressed, the prompt text “Verified” will appear
on the bottom button. When the “Verified” button
is pressed, the answers given on the answer
buttons and time information are recorded into a
log file and the step 2 is entered.

Each of the 6 answer buttons can be set to either
“No.1”, “No.2”, “No.3”, ‘“No.4”, “No.5”, or
“No.6”, by pressing it continuously.

The subjects were asked to explore the surfaces
horizontally to feel their roughness. For the
surface judged as the roughest, the answer button
to the right of it should be set to “No.6”. For the
second roughest surface, “No5” should be set on
the button to the right of the surface. The process
repeats until “No.1” is set for the least rough
surface. For example, for the step 1 (Order A), the
subjects should set the answer buttons from the top
to the bottom in Figure 3 as “No.1”, “No.2”,
“No.3”, “No.4”, No.5” and ‘“No.6”, respectively.
The ranking now given is 123456, which is a
correct answer for the haptic effects set on the 6
surfaces (any other ranking is counted as an error).
Then the “Verified” button (bottom button) should



be pressed to enter the next step (step2). The
“Verified” prompt will become a warning prompt
“Error” if there is any repeat of the numbers in the
answer ranking. This means that the ranking
112346, for example, is not a possible answer in
our experiments. If this ranking is given, the next
step could not be entered and the answer ranking
must be corrected.

For each of 8 color conditions described above,
one ranking is required as an answer in step 1, and
then step 2 is entered. The process repeats until
step 6 is finished and 6 rankings given.

3.7 Data Analysis

Statistical analyses were performed using SPSS
10.0 (SPSS Inc., USA). Data were expressed as
mean £SD. Comparisons of means for the error
rates in the haptic perception of textured surfaces
under different conditions were performed using
the general linear model univariate procedure
(color and order as two factors). The post hoc
comparisons were made using LSD test. A value
of p<0.05 was taken to indicate statistical
significance.

3.8 Subjects

Ten subjects, eight males and two females, aged
from 18 to 36, participated in all of the &
experiments. They were randomly divided into
two groups. One group performed the experiments
in the order of NoColor, 6Colors, Blue, Green,
Orange, Red, Violet and Yellow. The other group
performed the same experiments, but in the
reversed order.

4 Results

The mean error rate for the colors is shown in
Figure 4. It can be seen that the error rate of
yellow is the lowest among the color conditions;
the error rate for the single color conditions (Red,
Orange, Yellow, Green, Blue and Violet) is less
than that for the NoColor condition; to our surprise,
the error rate for 6Colors condition is no greater
than that for NoColor condition.

In order to analyze the statistical significance
between pairs of color conditions, statistical
analyses were performed using SPSS 10.0 (SPSS
Inc., USA). The general linear model univariate
procedure was used to provide the analysis of

variance of one dependent variable (error rate) by
two factors (color and order). A value of p<0.05
was taken to indicate statistical significance. Table
1 shows the values of mean difference and
significant level p for the colors as the result of the
LSD test.
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Figure 4 The mean error rate (%) for the colors

Table 1 The Values of Mean Difference and
Significant Level (p) for the Colors

Mean Difference p
-21.6667(*) 0.002
-21.6667(*%) 0.002
-15.0000(*) 0.030

Green -18.3333(%) 0.009

Orange -20.0000(*) 0.005
(*) means significant at 0.05 level

NoColor
6Colors

Yellow Blue

As the result of the LSD test in Table 1 shows,
there is significant difference between the
following color conditions:

Yellow and NoColor, Yellow and 6Colors, Yellow
and Blue, Yellow and Green, Yellow and Orange

The values of the mean differences in terms of
error rate between the color condition yellow and
other 5 color conditions (NoColor, 6 Colors, Blue,
Green and Orange) are all negative, implying that
of these 6 color conditions, yellow generally has
statistically significantly lowest error rate for the
haptic perception of the textured surfaces. In other
words, yellow has least interference to the haptic
perception.

We originally planed to analyze the influence of
colors on the error rate observed in the haptic
perception of textured surfaces. But to our surprise,
the mean error rates for different orders show
interesting difference, as can be seen in Figure 5.
Therefore, the influence of orders on the haptic
perception of the textured surfaces was also



analyzed.

For this purpose, the post hoc multiple
comparisons for two factors (color and order) were
performed using the LSD test in the SPSS. A value
of p<0.05 was taken to indicate statistical
significance. The results are shown in Table 2 (For
the precision reason, an extremely small value of p,
for example, 0.00000023, is expressed as 0.000 in
the table).

to correctly fulfill the experiment task. Randomly
changing the roughness from one surface to the
other will confuse them.

In order to analyze whether the subjects can
truly distinguish the roughness on the 6 haptic
textured surfaces, the two-factor (subjects and
orders) Friedman test was performed to determine
whether there is a statistical difference among the
6 values of Ls in each order. For this test, the
degree of freedom is 5 (6 Ls - 1), the total number

120 of data is 80 (10 subjects X 8 color conditions),
100 | the number of group is 6 (orders). A value of
= B p<0.05 was taken to indicate statistical
o 80 significance. The result is shown in Table 3.
T e
S gl
Wi Table 3 The result of Friedman Test
20 -
0 Order A B C
Order A Order B Order C Order D Order E Order F X2 342.10 320.52 277.20
Figure 5 The mean error rate (%) for the orders X 2(0.95) 11.07 11.07 11.07
Order D E F
As can be seen, there is significant difference X2 286.58 318.27 208.77
between the following conditions: .
X 7(0.95) 11.07 11.07 11.07

Order: Aand B; Aand C; Aand D; Aand E; F
and B; F and C; F and D; F and E.

Table 2. The Values of Mean Difference and
Significant Levels (p) for Orders

Mean Difference p
Order B | -30.0000(*) 0.000
Order A | Order C | -30.0000(*) 0.000
Order D | -30.0000(*) 0.000
Order E | -35.0000(*) 0.000
Order B | -18.7500(*) 0.002
Order F | Order C | -18.7500(*) 0.002
Order D | -18.7500(*) 0.002
Order E | -23.7500(*) 0.000

(*) means significant at 0.05 level

We did not expect that the order in which
different levels of roughness presented to the
subjects has an effect on the haptic perception of
the textured surfaces. But the results of 8
experiments in this study show that the order A
and order F is easiest to perceive correctively. In
other words, continuously increasing or decreasing
the roughness will make it easier for the subjects

It can be seen from Table 3 that all the values of
X * are greater than the boundary value x *(0.95).
Therefore, there is statistical difference between
the Ls. In other words, for the 10 subjects, the 6
levels of roughness created with the 6 wavelengths
(Ls) in the 6 orders are all distinguishable. Thus,
the selection of L values is reasonable.

In conducting the experiments, we did not
instruct the subjects to finish the task as quickly as
possible. But the time information was recorded
into a log file. Therefore, we calculate the mean
time for each ranking-given for the color
conditions and show the result in Figure 6.
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Figure 6 The mean time for each ranking-given
for the colors



5 Discussion

Perceivable and distinguishable roughness of 6
levels was provided for the experiments in this
study. Due to the complexity of the experiment
task, however, the error rates are generally high.

Colors do have influence on the haptic
perception of textured surface in terms of error
rate. Specifically, the perception error rate for the
yellow condition is statistically significantly lower
(Figure 4). Based on our statistical analysis,
Yellow was found to be significantly different
from NoColor, 6Colors, Blue, Green and Orange
condition in terms of the error rate. Its error rate is
statistically ~ significantly lowest (Table 1),
implying that yellow is the best candidate color to
be used in an environment in which both colors
and haptic textured surfaces coexist and in which
the true and correct judgment of haptic perception
is to be maintained.

In another respect, the error rate of the 6 color
conditions (6Colors, Red, Yellow, Green, Blue and
Violet) is no greater than that of the NoColor
condition, implying that the introduction of color(s)
into haptic environment will not increase the error
rate. This is even true of the 6Colors condition. We
originally thought that introducing 6 types of
colors into the environment would increase the
error rate significantly. But it turns out not to be
true.

To sum up, colors do have influence on the
haptic perception. But generally they do not make
the perception error rate higher than when no color
is used; it is safe to introduce up to 6 types of
colors into haptic interfaces without worsening the
haptic perception; yellow is quite unique in that its
error rate is statistically significantly lower than
that of blue, green, orange, than that when no color
is used and than that when up to 6 colors are
adopted. It is safe to use yellow in haptic
interfaces  without  worsening the  haptic
perception.

On the other hand, the finding of the two special
orders, order A and order F, is also interesting.
Figure 5 shows the mean values of error rate under
different order conditions. The error rate of order
A and order F is statistically significantly lower
than that of other 4 orders, as the Table 2 shows.
This finding demonstrates that human haptic
perception is very sensitive to continuously
increasing or decreasing changes of the strength of
roughness on surfaces of objects, but has difficulty
to discern the randomly changed strength of
roughness, even under the same test environment.
This finding has an implication for practical
applications. For example, in the future haptic
interfaces, when two users interact with each other

haptically through networks, critical information
(signals) can be coded with the special orders for it
to be perceived correctly. In the applications
designed for the blind, warnings for extremely
danger environment can be “coded” with these
special orders for their correction perception.

If large enough numbers of similar orders can
be found, the haptic interfaces will have a far more
richer language than it has now to speak with in
multimodal interfaces.

In fact, in their discussion of information
transfer rates for different modes of manual
communication in the chapter 5 (haptic interfaces)
of their book, Bigges et al [21], of MIT, states that
advances in HCI require finding rich codes for
haptic input and output that user can learn quickly
and easily. The special orders that we found in this
study might be that kind of codes.

6 Future Work

For the value of the parameter K and A in our
experiments, the AL=Imm was proved to have
produced a large enough value for the haptic
perception of roughness. We plan to design future
experiments to test the smallest AL value so as to
evaluate the sensitivity of human haptic
perception.

In this paper, the position of 6 colors on the
surfaces is fixed (Figure 3). It is also possible to
design future experiments in which the position of
the colors is changed. This will simulate an
interactive, moving scene in which colored objects
are moved around as a result of haptic interaction.

7 Conclusions

Eight experiments were performed to
investigate the influence of colors on the haptic
perception of textured surfaces. Our results show
that: colors do have influence on the haptic
perception; but generally they do not make the
perception error rate higher than when no color is
used; it is safe to introduce up to 6 types of colors
into haptic interfaces without worsening the haptic
perception; yellow is quite unique in that its error
rate is statistically significantly lower than that of
blue, green, orange, than that when no color is
used and than that when up to 6 colors are adopted.
It is safe to use yellow in haptic interfaces without
worsening the haptic perception.

We also found two special orders for haptic
perception. The finding demonstrates that human



haptic perception is very sensitive to continuously
increasing or decreasing changes of the strength of
roughness, but has difficulty to discern the
randomly changed strength of roughness on
textured surfaces, even under the same test
environment. These special orders can be used to
convey haptic information for applications in
which the correct haptic perception is important,
critical or of highest priority.
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