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Abstract: Tactile perception enables people with visual impairments (PVI) to engage with artworks
and real-life objects at a deeper abstraction level. The development of tactile and multi-sensory
assistive technologies has expanded their opportunities to appreciate visual arts. We have developed
a tactile interface based on the proposed concept design under considerations of PVI tactile actuation,
color perception, and learnability. The proposed interface automatically translates reference colors
into spatial tactile patterns. A range of achromatic colors and six prominent basic colors with three
levels of chroma and values are considered for the cross-modular association. In addition, an analog
tactile color watch design has been proposed. This scheme enables PVI to explore artwork or real-life
object color by identifying the reference colors through a color sensor and translating them to the
tactile interface. The color identification tests using this scheme on the developed prototype exhibit
good recognition accuracy. The workload assessment and usability evaluation for PVI demonstrate
promising results. This suggest that the proposed scheme is appropriate for tactile color exploration.

Keywords: color identification; tactile perception; cross modular association; universal design;
accessibility; people with visual impairment

1. Introduction

People with visual impairments (PVI) can form concepts regarding real-world ob-
ject properties, including abstract conceptualization and relative differences between
colors [1-3]. Symbolism, preferences, terminology, and other daily life concepts asso-
ciate with colors by engaging psychological and aesthetic stimuli. These color associations
serve a significant role in culture, faith, art, commercial branding, and everyday lifestyle.
Therefore, comprehensive color information is necessary for PVI to think, consider, make
actions, and cause reactions more prudently [4].

Color recognition through non-visual stimuli has been an active research area for
PVI [5]. The color-sound cross modular associations convey visual color information
through auditory senses. These associations code color characteristics of hue, chroma,
and value through a combination of music instrument, music tone, pitch variations, etc.
The auditory codings might be used for conveying color information independently, or in
conjunction with tactile sense. Cho et al. [6] have studied these relationships and proposed
two sound coding color melodies. They considered the tone, intensity, and pitch of melody
sounds extracted from classic music to express the brightness and saturation of colors.
The sound code system represented 18 chromatic and five achromatic colors with using
classical music sounds played on different instruments. While using sound to depict
color, tapping a relief-shaped embossed outline area transforms the color of that area
into the sound of an orchestra instrument. Furthermore, the overall color composition of
Van Gogh'’s “The Starry Night” was expressed as a single piece of music that accounted
for color using the tone, key, tempo, and pitch of the instruments. The shape can be
distinguished by touching it with a hand, but the overall color composition can be conveyed
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as a single piece of music, thereby reducing the effort required to recognize color from that
needed to touch each pattern one by one. Gilbert et al. confirmed that humans have an
association mechanism that unconsciously associates a specific scent with a specific color
through olfactory sense [7]. Temperature differences have also been studied to convey
color information to PVI. However, as the temperature is a single modality, merely one
color characteristic can be coded through temperature levels. Bartolomé et al. [8] proposed
thermal stimuli to code depth of colors in visual artworks. Cavadini et al. proposed an
automatic color perception system, which provides haptic feedback at three points on the
palm corresponding to Red, Green, and Blue channel values of detected colors through color
sensors [9]. This method uses a wearable glove, and wearing the glove can hinder everyday
tasks for PVI. In addition, the RGB color system uses a combination of red, green, and
blue channel numerical values to represent any arbitrary color, which does not match the
human perception of colors. Researchers reflect that spatial perception, tactile perception,
and linguistics engage the brain’s visual cortex. In addition, not having to process the
visual stimuli makes PVIs’ performance superior for tactile tasks [10], which suggests the
preference of tactile stimuli for PVI perception. The cognitive aspects of multi-sensory
activation and recognition by the sense of touch are covered by Lawrence et al. [11].

1.1. Tactile Representation of Colors

Tactile color patterns (TCP) are embossed surface patterns for conveying color infor-
mation through touch to PVI. TCPs might be helpful as they can be used in conjunction
with other tactile modalities, like contour information or object boundaries in the artwork.
They offer immediate color perception by tapping onto the artwork relief pattern, unlike
audio description which needs to be triggered. TCPs as an assistive tool for visual aspects of
artwork can be supplemented to the audio description; this helps shorten the audio descrip-
tion and improve localization of artworks’ objects information. Ramsamy-Iranah et al. [12]
designed color symbols for children. The design process for the symbols was influenced by
the children’s prior knowledge of shapes and links to their surroundings. For example, a
small square box was associated with dark blue reflecting the blue square soap, a circle
represented red as it was associated with the ‘bindi’ [13]. Yellow was represented by
small dots reflecting the pollen of flowers. Since orange is a mixture of yellow and red,
circles of smaller dimension were used to represent orange. Horizontal lines represented
purple and curved lines were associated with green representative of bendable grass stems.
Shin et al. [4] coded nine colors (pink, red, orange, yellow, green, blue, navy, purple, brown,
and achromatic) using a grating orientation (a regularly spaced collection of identical,
parallel, elongated elements). The texture stimuli for color were structured by matching
variations of orientation to hue, width of the line to chroma, and the interval between the
lines to value. The eight chromatic colors were divided into 20° angles and achromatic at
90°. Each color has nine levels of value and of chroma. Levels 1-4 used a different grating
interval to represent value, levels 6-9 used a different grating width to represent chroma,
and level 5 represented the pure hue. In the survey on whether or not 3D printed colors
were distinguished by texture, color identification tests were performed on five visually
impaired people to distinguish the direction, width, and spacing of the proposed color
patterns. Adjacent color hues in this scheme are oriented at an angular distance of 20°, but
research suggests that tactile accuracy for grating orientation is significantly distinguish-
able for 30° or 45° angle [14,15]. The Munsell color system based TCP schemes by using
ideographic characters were proposed by Cho et al. [16]. They employed an experimental
investigation and adaption based approach for representing wide color gamut of 29 and
53 colors shades in the basic and extended versions for three TCP schemes, respectively.
Taras et al. [17] presented a color code created for viewing on braille devices. The primary
colors, red, blue, and yellow, were each coded by two dots. Mixed colors, for example
violet, green, orange, and brown, were coded as combinations of dots representing the
primary colors. In addition, the light and dark shades were added by using the 2nd and
3rd dots in the left column of the Braille cell. In addition, color can be represented by



Electronics 2021, 10, 596

30f17

using the spatial color wheel that expresses the angular orientation. This is another way of
color information transmission. Our proposed system codes a similar number of colors
compared to other color patterns. Moreover, the color wheel depicts essentially the visible
spectrum of colors enclosed by a circle, and is a useful tool for describing what happens
when you mix paints together, complementary color relationships, and adjacent colors.

It can be difficult for individuals with visual impairments to fully participate in the
visual arts due to the lack of inclusion and assistive technologies. Their participation in the
visual culture of the world and visual art is important as the inclusion opportunities im-
prove their life quality and help them gain skills crucial to their education and employment
opportunities [18]. The visual centricity of exhibitions and museums has typically been
a barrier regarding visit and appreciation of PVIs [19]. However, as “The event happens
as a question mark before happening as a question (Lyotard, 1989: 197),” many of these
institutions are now focusing on accessibility to enhance PVIs” experiences by incorporating
assistive technologies, contextual information delivery, and multisensory experiences [20].

The TCP schemes in recent literature are mainly focused on tactile color translation
for artwork, whereas the significance of colors in daily life imparts the need to convey
comprehensive color information to PVI for them to participate in society more prudently.
Most of these schemes present static interpretation of colors, which causes the need to arise
to develop assistive technologies that can dynamically translate detected colors from real-
life objects or artwork for PVI. Moreover, the usability of these tactile patterns is limited, as
learnability of these tactile patterns may be required for individual TCP associations. In this
paper, we propose a tool for people with visual impairment (i.e., congenital blind people
who have not experienced color and the acquired blind people whose color has disappeared
from memory) that can intuitively recognize and understand the three elements of color,
that is, color hue, lightness, and saturation, taking advantage of the timepiece watch design.

1.2. Timepiece Watches for PVI

There are many wearable wristwatches for PVI in the context of timepiece operation.
Nevertheless, the common way of applying it has been using the braille interface for
conveying numeric braille patterns similar to the digital watches for sighted people, since
interactable hands of the traditional analog watch are fragile and prone to damage by
heavy touch. The electromagnetic solenoid based cost-effective electronic braille display
was proposed by Adnan et al. [21]. Tyler [22] used the 4-dot condensed braille code to
introduce a design scheme of wearable timepiece wristwatch for PVI. The mechanical
design was adapted to represent numeric braille cells for time and date, with time/date
adjustment and alarm options. Dot watch [23] is a commercially designed smartwatch
based on a similar concept which uses braille as its interface using braille coding. In
addition to presenting time information by tactile stimuli, the Dot watch can be connected
to a smartphone via Bluetooth to perform few basic tasks such as caller identification,
and either pick or decline the call. Another design scheme consisting of a disk, a plate,
an actuator, and a plurality of four pins mounted to a slide within the four respective
holes was proposed for the braille timepiece wristwatch by Anderson et al. [24]. A haptic
feedback scheme for a digital smartwatch display was proposed by Twyman et al. [25],
which engaged side-mounted piezoelectric actuators to cause glass screen vibrations via
ultrasonic frequencies. The braille literacy of PVI is on the decline, and it is projected to
decrease in upcoming years, with the widespread use of smart devices. Velazquez [26]
provided a comprehensive study on workload, learnability, design concept understanding,
and latest advancements in wearable assistive devices for blind people and recognized low
user acceptance for these devices. This led our research to investigate the durable design of
the analog watch and its possible mapping with color perception for the PVI.

1.3. Review of the Color Systems

The Munsell color system arranges colors by accounting for the human visual response
into systematic color space [27]. It considers hue, chroma, and lightness as three properties
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(a)
Figure 1. (a) Lighted (L), saturated (S), and Dark (D) color tones for red and achromatic colors. (b) 3D representation of

of color for color space organization as shown in Figure 1a. The hues or basic colors are
arranged in a circular manner placed apart at each horizontal circle Figure 1b. Chroma or
saturation of color is measured by the distance from the center of the circle to the edge.
High chroma implies clearness of color or pure colors, while low chroma implies less
saturated color with the lowest chroma colors being achromatic. The lightness or value of
colors varies vertically where white is represented by the highest lightness and black holds
the lowest lightness value.

The Goethe’s color triangle is an excellent model for color relationships and the relative
differences between them, such as additive color mixing and complementary colors [28].
These differences can be interactively simulated. This model arranges colors as primary,
secondary, and tertiary colors. The three vertices of triangle are associated by primary
colors of red, blue, and yellow. The secondary colors orange, green, and purple are obtained
by mixing primary colors on either side of them (Figure 1c). The tertiary colors are obtained
by mixing primary colors adjacent to them. Goethe arranged the primary, secondary, and
tertiary colors based on physical grounds, as well as for their emotional content linked
with them. An American educator Josef Albers extended Goethe’s work for studying
and teaching colors through an experimental way [29]. The particular arrangement of
Goethe’s color triangle retains the particular emotional or psychological states as per his
description. This color arrangement is also similar to the RYB color model [30]. Its warm
colors are red, orange, and yellow, and its cool colors are green, blue, and purple. The three
primary colors in the RYB color model are red, yellow, and blue. Mixing the primary colors
causes the mixtures to absorb light wavelengths to create other colors. The three secondary
colors are orange, green, and purple. Mixing the three primary colors together creates an
almost black color. We have considered the color gamut for our proposed system based on
these color models as shown in Figure 1d,e for simplified and extended versions of watch
patterns, respectively. This primary and secondary color information is extended with the
integration of color tones of light, saturated, and dark from Munsell’s color system.

e

(b) (0) (d) (e)

Munsell color system renotations with a slice cut away for visualization [31]; (c) Goethe’s Colour Triangle with primary and

secondary colors; (d) color wheel for simplified watch pattern; (e) color wheel for extended watch pattern.

1.4. Proposed System

We have investigated tactile actuation for co-centric protruding points at different
angular positions in our preliminary study [32]. The swell-paper relief pattern utilized dots
on the boundary of a circle and a square, with uniform angular spacing between tactile
dots at 45°and 90°, respectively. The focus group experiments revealed the discernment
ability for angular tactile patterns, and the learnability of colors assigned to those patterns.
Based on the outcomes of the preliminary study, we propose an integrated color pattern
scheme for angular tactile color translation. The color gamut codes primary colors (red,
blue, and yellow) and secondary colors (orange, green, and purple) from Goethe’s color
triangle. These six basic color hues are further coded into three levels of chroma and value
(light, saturated, dark) as the color tone for each of the color hues. In addition, six levels
of gray-scale colors ranging from white to black are included as achromatic colors from
Munsell’s color system. These integrated colors are coded into an angular tactile color
pictogram, wherein the orientation of the tactile dot determines the color information.
Our proposed system also integrates the TCP with an analog wearable watch for PVL
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The ColorWatch interface consists of two disks in distinct shapes of round and square,
each with a tactile dot at their boundary, the angular position of which indicates the color
hue and color tones, respectively. In contrast to related works on TCPs, the spatial tactile
system automatically interprets reference color. The reference color acquired through a
color sensor from artwork or real-life objects actively alters the angular position of rotatable
disks, developing the tactile pattern corresponding to reference color for the appreciation of
PVIs. The cross-modular association of tactile color perception considers tactile actuation,
design aspects of color significance, and color placement. The proposed analog watch
design with TCP integration is intuitively understandable, which makes it easily learnable
for PVI. A prototype for the proposed interface has been developed and color identification
tests have been performed. The results for identification and usability tests, work-load
assessment, and qualitative feedback suggest that the developed scheme can be helpful for
PVIs in tactile color perception.

2. Methodology
2.1. Concept Design

We propose the design of ColorWatch, which is a wearable wrist-worn analog tac-
tile device for people with visual impairments (PVI). The concept of ColorWatch design
includes two disks that can be rotated independently: one marked square disk which
is on top of and smaller in size than a round disk, which functions as an hour hand in
analog watches while the marked round disk functions as a minutes hand. Both disks are
marked at one position each, with markers pointing to the reference positions for time.
These disks and marked pointers can be touched by PVIs to convey tactile information. In
addition to conventional time checking, the function of ColorWatch extends to represent
object colors by the tactile interface. An integrated color sensor or smartphone camera
can be used to detect color information of a reference object, which can then be wirelessly
communicated to the ColorWatch. Hybrid smartwatches available in the market already
exhibit wireless communication and control capabilities along with traditional watch hands.
The ColorWatch design proposed a square and a round disk instead of conventional arms
to enable PVIs to interact with them without external protective glass and minimizing the
risk of damage or heavy touch to conventional arms. The control circuitry in ColorWatch
can then direct the watch disks to point to the corresponding position associated with the
detected color and color tone. A maintained contact push toggle switch can be used to
toggle between timepiece and ColorWatch mode. The ColorWatch tactile design is effective
for drawing less attraction to PVI, and for not being disruptive to others in contrast to
talking watches. The analog disk design of ColorWatch also makes it easy to read, less
fragile, and less susceptible to damage in contrast to a traditional analog watch hands.
Figure 2a displays the schematic configuration and perspective view of the ColorWatch
design concept, with Figure 2b outlining an application scenario for the ColorWatch. More
features can theoretically be added to the ColorWatch; such as smartphone call notifications,
incoming call pick and drop, and alarms through haptic feedback. The push button and me-
chanical dial of the ColorWatch can also hypothetically function as a tactile input method
for smartphone scrolling. In this setting, PVI can wirelessly navigate smartphone features
through ColorWatch dials discrete rotation, select desired options through one or two
buttons or ColorWatch, and get audio feedback through smartphone speakers. However,
this study focuses on the automatic spatial color translation framework for the PVI.
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Figure 2. Perspective view of ColorWatch design concept; (a) PVI use scenario of ColorWatch during shopping (b).

1

—\ o © : )
e O
—

- 1 Identification

- p @7 o (
Approaching " — "™
PVI shopping Object =

(b)

2.2. Proposed Color Selection and Tactile Representation Scheme

The tactile association of color proposed in this study considers six distinct hues
namely red (R), orange (O), yellow (Y), green (G), blue (B), and purple (P) from Goethe’s
color triangle. These hues are represented by the round disk of the prototype which
dynamically points to the reference color. It can be seen from Figure 3 that complementary
colors are arranged on opposite ends to each other, and mixing any two primary colors
results in the secondary color between them. An emerged tactile dot of half-sphere on
edge of the round disk resembling braille embossment is used as a pointer for tactile
color marking. These tactile-color associations are further expanded by Munsell color
systems’s three dimensions of light (L), saturated (S), and dark (D) as a color tone of
each monochromatic basic color or hue from Goethe’s color triangle. The color tones are
represented by the square disk of the ColorWatch design, where the emerged tactile dot
at one corner points to the reference color tones, marked 90 degrees apart at 0, 90, and
180 degrees for L, S, and D, respectively. The remaining position at 270 degrees of square
disk pointer is used to represent achromatic colors. When a reference to achromatic color
is detected on the square disk, the round disk represents each of the achromatic colors
given by White, Gainsboro, Light Gray, Dark Gray, Dim Gray, and Black (Table 1). The
arrangement of these achromatic colors, and the six color-hues for monochromatic colors
on round disk, depending on the color mode is provided in Table 2.

The analog clock dial design holds twelve marks separated by 30 degrees universally.
These six markers for round disk and four markers for square disk can be incorporated
on the analog clock design as the common factor of twelve markers. This association of
perceptual colors and their tactile placement can be very convenient for learnability and
ease of use of users and the user-centric design.

White
R
p /\ 0
Black /L\ " Gainsboro
{AC S;o

Dim Gray . Light Gray

G
Dark Gray

Figure 3. ColorWatch pattern for color hues and color tones. Blue and black text represents mono-
chromatic and achromatic color modes, respectively.
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Table 1. Colors tones or color mode according to the angle of the square disk.

Angle (Square) Color Tone Color Mode
0 Light Monochromatic
90 Saturated Monochromatic
180 Dark Monochromatic

270 Achromatic Achromatic

Table 2. Round disk angle chroma-lightness levels for monochromatic and achromatic colors (0-180°
and 270° on the square disk, respectively).

Angle (Round) Monochromatic Mode Color Achromatic Mode Color
0 Red White
60 Orange Gainsboro
120 Yellow Light Gray
180 Green Dark Gray
240 Blue Dim Gray
300 Purple Black

2.3. Materials

We have developed a large-scale hardware prototype based on the ColorWatch concept
which exhibits the represented color while exploring different objects. Figure 4 displays
the working principle of a large-scale prototype. The two rotating disks in the round and
square shape are used to represent both levels of primary colors and color tones as shown
in Figure 5a. Figure 5b provides a demonstration for the prototype in use. The hardware
prototypeisa 110 x 170 x 70 cm encased acrylic box that encapsulates the control electronic
circuit board, two stepper motors, and their motor drivers (Figure 5c). A set of wires is
extended from the box which connects the color sensor module (Figure 5d). The ISL.29125
RGB color sensor is used in the color sensor module for color data acquisition. The color
sensor is designed to operate in diverse luminance environments ranging from darkrooms
to sunlight by rejecting IR in light sources. The color sensor has low-power and needs
56 and 0.5 pA current for operation and power-down mode, respectively. The integrated
ADC of the color sensor also rejects flicker caused by artificial light sources. The 2.25-3.6 V
logic levels of the color sensor need to be converted if used with a 5 V Arduino board, and
a bi-directional logic level converter is used for this purpose. The color sensor is housed
in an acrylic casing that limits the incoming light from the target angles only. Four LED
lights have been installed into the color sensor module for providing balanced luminance
for target objects. An Arduino Uno microcontroller (Arduino, Somerville, MA, USA) is
used as a control unit, which takes its inputs from the color sensor module. The 16 bit
RGB color values are then converted to Hue, Saturation, and Value-based color model.
The color gamut of ColorWatch is calibrated on color samples and these calibration values
are compared by a nearest-neighbor based algorithm for classification of any target object
color and color tones. The target object color and color tones then index the corresponding
angular position of motors from a lookup array. Based on the difference of current and
target angular position, the required angular rotations are then conveyed to stepper motors
via motor drivers.
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Nearest neighbor
RGB to HSV coler based tactile color

conversion mapping for obtained
color

Sensor measurement
Object / Artwork of RGB color from
poaint of focus

Reposition tactile
pattern torepresent
corresponding color

Object / Artwork color
appreciation

Figure 4. Block diagram of the prototype’s working principle.

(b) (0) (d)
Figure 5. The tactile perception and color sensor modules of prototype with a color identification training relief paper (a); a
demonstration of the prototype in use (b); the internal hardware for tactile perception and color sensor modules (c,d).

3. Experimental Investigation

We have adopted a triangulation based method [33] by covering multiple approaches
to address a research question, which offers an appropriate and reliable assessment. Based
on our preliminary study for tactile-color cross-modular association, an improved solution
has been proposed in the preceding section. The tactile perception large-scale prototype was
developed which can produce dynamic results based on reference color. User experiments
for design, methodology, and cross-modular association have been performed to evaluate
usability and workload assessment, while qualitative feedback is also recorded for the
proposed method and exploratory procedure.

3.1. Experiment Design

The experimental evaluation was performed in three stages; learning phase, tests, and
feedback. Fifteen volunteers of ages between 19 and 29 years took part in the experimental
evaluation of the ColorWatch design and prototype. The volunteers were recruited through
school notice board announcement, and twelve of them were males while three were
females. All of the subjects had normal vision, did not declare any associated cognitive
or psychiatric disorders, and they performed the experiments after putting blindfolds
on. Firstly, the test subjects were told about the ColorWatch concept, prototype function,
and spatial tactile-color associations. The participants were then allowed free time to
get familiarized with the prototype and its function with color identifications. All the
colors and their color tones were provided as color sample cards of the size of a quarter of
standard A4 size paper each. The subjects were encouraged to use a ColorWatch prototype
on real-life objects during the learning phase. The color identification data during the
learning phase were not recorded. However, subjects mainly tried to identify colors for
table, paper, PC monitor, phone back cover, and their clothes through the tactile interface.
After comparing the identifying color with their memory, some of them talked about the
challenges PVI might face due to a lack of vision. It was interesting to note that many
subjects tried color identifications with blindfolds put on without requirement, once they
got familiarized with the prototype. The same color samples were used in the user tests
for standardization of the color set for all users. After completing the learning phase, the
subjects were then asked to put blindfolds on for user tests. At this point, color cards for all
the twenty-four color samples in random order were provided one at a time. The subjects
were asked to identify the given color by identifying the tactile pattern from the ColorWatch
prototype. The primary color and color tone for the given card and the corresponding
identification by each subject were carefully registered, and this procedure was repeated
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for all the color samples. The subjects were not provided with feedback during tactile
identification tests. Finally, subjects evaluated the usability of ColorWatch, provided any
remarks they had, and responded to the qualitative reasoning queries regarding their tactile
following scheme and usability evaluations.

3.2. Identification Tests

As the subjects were given a random color sample, they were asked to identify the
color and its tone corresponding to the cross-modular tactile pattern of ColorWatch. Time
slots of fifteen minutes each for both the learning phase and color identification tests were
allocated per subject, based on preliminary evaluation and improvisations from our group.
To avoid prejudices from previous tests, and to make participants feel comfortable in their
subjective identifications; the subjects were informed of flexible time limits. However, all
the subjects completed the learning phase and identification tests within fifteen minutes
for each stage. The square and the round disk could be easily distinguished from each
other, in addition to the tactile embodiment on them since they are placed at distinct
positions intersecting traditional clock hands. The six color-hues are located such as the
complementary colors are on opposite ends from each other. Hence, it all came down for
subjects to remember only three colors with their respective positioning on ColorWatch,
and understanding the key idea for monochromatic and achromatic colors, and their tones.
The subjects were quick to learn the pattern and reported no trouble in getting familiarized
with the ColorWatch idea and its large scale prototype. During color identification tests on
fifteen subjects, no feedback for their identifications was provided to them during tests,
and no color sample or their identification was repeated for any case. All the identifications
made were correct as shown in Table 3, except a total of three wrong identifications. The
subject ’S2” misidentified light versus dark yellow and subject ‘S13” misidentified a color
tone for achromatic color, yielding the total correct identification rate at 99.17%.

Table 3. The correct identifications out of total color identifications made by fifteen subjects for
ColorWatch color gamut.

Monochromatic — Achromatic Colors  Light  Saturated Dark  Achromatic

Red-White 15/15 15/15 15/15 15/15
Orange—Gainsboro 15/15 15/15 15/15 15/15
Yellow-Light Gray 14/15 15/15 14/15 15/15
Green—Dark Gray 15/15 15/15 15/15 15/15
Blue-Dim Gray 15/15 15/15 15/15 14/15
Purple-Black 15/15 15/15 15/15 15/15
Correct Identifications (%) 98.89 100 98.89 98.89
Average Correct Identifications 357/360 (99.17%)

3.3. Workload Assessment

The NASA Task Load Index (NASA-TLX) is considered the gold standard for sub-
jective workload measurement. It was developed by the Human Performance Group at
NASA’s Ames Research Center and can evaluate task demands and workload of an individ-
ual performing it based on task, behavior, and subject-related scales [34]. The task-related
scales are used to measure the objective demands of the task, the behavior-related scale
reflects upon an individual’s subjective evaluation of the task, while the subject related
scale accounts for the psychological impact on the individual. The NASA-TLX test can
be applied to evaluate quantitative subjective mental workload assessment of a service,
system, or task based on six indicators. The indicators and evaluated scores for subjects
are shown in Table 4. The scale from 1 to 10 points is chosen for the ease and familiarity of
participants, with 1 ranging from very low to 10 being very high. Typically, the measured
scores for different indicators are assigned weights corresponding to their relative impor-
tance, but some studies such as [35] have used raw TLX tests. Considering the subjective
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nature of the task in this study, we have evaluated the raw TLX test using uniform weights
for all indicators.

Table 4. NASA-TLX test questions with subject wise score selection.

Indicator S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13  S14 S15
1. Mental Demand 7 2 4 2 3 8 2 3 4 1 4 6 8 4 3

How much mental and perceptual activity was required? Was the task easy or demanding, simple, or complex?
(memory ability of pattern, color, etc.)

2. Physical Demand 6 1 2 4 3 1 2 5 1 1 2 1 3 2 3
How much physical activity was required? Was the task easy or demanding, slack or strenuous? (tactile cognition)
3. Temporal Demand 7 3 1 2 3 2 1 3 2 1 3 8 7 3 2

How much time pressure did you feel due to the pace at which the tasks or task elements occurred? Was the pace slow
or rapid?

4. Overall Performance 8 9 10 9 10 10 10 9 10 10 9 9 3 10 7
How successful were you in performing the task? How satisfied were you with your performance?

5. Effort 9 6 1 6 7 2 1 5 3 1 4 3 7 4 4
How hard did you have to work (mentally and physically) to accomplish your level of performance?

6. Frustration Level 6 3 1 1 1 5 1 2 1 1 3 1 1 1 3

How irritated, stressed, and annoyed versus content, relaxed, and complacent did you feel during the task?

Figure 6 summarizes workload assessment scores for subjects under the NASA-TLX
test. The indicators for mental, physical, and temporal demands, effort, and frustration
all score less than the median value for the scoring range of 1-10. Most of the participants
were very quick to learn the tactile interface for color translation and they requested to start
the tests without consuming most of the learning phase time of fifteen minutes given to
them. Given that the physical and temporal demands are very low for the proposed system,
the mental demand and efforts put on by the users may vary from person to person, as
it has been reflected by their respective standard deviations. The mean scores for both
mental demand and effort lie in the medium-low of scoring range for the test, and less
than the median for scoring range. However, few subjects suggested that it might be easier
with more practice. The proposed system is promising in terms of user satisfaction as the
performance indicator for user satisfaction scored highest while the frustration indicator
scored lowest among all the indicators for this test.

12.00
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o
LE)
e .
§ 6.00
5
+ T
L 400
O i i i
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o 1. Mental demand 2 Fh,s aldemand 3. Temporal demand 4. Performance Effort 6. Frustration
m Mean Score 4.07 A4 3.20 B.B7 4.20
IEtamard Deviation 214 1.50 2.20 17 237 157

ndicators

Figure 6. Workload assessment scores for NASA-TLX test question indicators.
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3.4. Usability Test

System Usability Scale tests the usability of a product, service, or system using a
five-question Likert scale based on responses to ten standardized questions [36]. The
test questions are non-complex with responses that include strongly disagree, disagree,
neutral, agree, and strongly agree, with index scores ranging from 1 to 5, respectively. The
questions are given below for reference. The even and odd-numbered questions in the SUS
test reflect a negative and positive attitude. During SUS score calculation, 1 is subtracted
from user response for odd-numbered questions, while user response is subtracted from 5
for even-numbered questions. This scales them from 0 to 4 with 4 being the most positive
response. Responses for all ten questions for each user is then added, making the sum in
the range of 0 to 40. This sum is then multiplied by 2.5 to normalize the response for each
user in the 0-100 range. These obtained raw SUS scores can be converted to individual
percentile ranking to make relative judgement of usability by normalization or grading on
the curve [37]:

I1  Ithink that I would like to use this service frequently.

12 Ifound the service unnecessarily complex.

I3 Ithink the service was easy to use.

I4  Ithink that I would need the support of a technical person to be able to use this service.
I5 Ifound that the various functions in this service were well integrated.

I6  Ithought there was too much inconsistency in this service.

17 Iwould imagine that most people would learn to use this service very quickly.

I8 Ifound the service very cumbersome to use.

I9 Ifelt very confident using the service.

I10 Ineeded to learn a lot of things before I could get going with this service.

The usability test scores breakdown for all participants out of 1-5 (strongly disagree
through strongly agree) are given in Table 5. Although the subjects were not accustomed
to using their sense of touch instead of sense of vision for perceiving objects. However,
positive indices outperform negative indices by obtaining negative scores about half the
order of positive overall scores. Here, the positive and negative indices refer to odd and
even-numbered questions of the SUS test which reflect the positive and negative attitude,
respectively. The overall SUS score of 72.73 converts into the percentile range of 65-69%
that ranks at ‘Good’ objective rating as a measure of user’s perception of the usability of
system [37,38]. The individually scored SUS results are provided in Figure 7.

Table 5. Usability test subject-wise selection for SUS indices.

SUS Indices
Measured Scores
12 I3 14 I5 I6 17 I8 19 110
S1 4 3 2 4 5 1 2 4 3 4
S2 4 2 4 3 3 2 4 3 4 2
S3 5 2 5 2 4 1 5 1 5 2
S4 4 2 5 2 2 2 5 3 4 1
S5 4 1 4 5 5 1 4 2 5 2
S6 2 2 4 3 3 2 5 4 3 2
S7 5 2 5 2 3 1 4 4 4 2
Subjects S8 4 2 4 3 4 2 4 3 4 2
S9 3 2 5 1 4 1 3 2 5 1
S10 5 1 5 5 4 1 5 2 5 1
S11 4 2 4 3 3 2 4 4 4 1
S12 5 1 5 3 5 1 5 1 5 3
S13 4 2 3 1 5 2 5 1 4 4
S14 5 2 4 3 4 1 4 1 5 1
S15 5 1 3 3 3 1 5 1 3 3
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Figure 7. Usability test individual and mean obtained scores.

3.5. Subjective Reasoning

We observed the exploratory scheme for subjects during the tactile identification tests.
Geometric and semantic identifications were noted whenever the subjects were able to
correctly distinguish round and square disks and were able to locate and describe the
tactile marker on disks, respectively. Subjects also provided feedback on the improvement
of ColorWatch and whether it might be helpful for PVIs or not. They were then asked
about challenges in geometric and semantic identifications. A few of them also provided
ideas on helping PVI in color identifications after completion of tests.

Generally, the subjects reported the concept and its application through the rotating
disks to be proper and easy. The subjective feedback from test participants was as follows;

e The square was easier than the round disk.

®  Because it was a large prototype and could not be recognized all at once, you have to touch it
several times.

e [t wasn’t difficult, but I felt confused a couple of times. However, I think there will be no
problem if you use it frequently.

e [t was easy assuming that the disks were stationary.

The participants’ subjective feedback about conveying the colors through tactile asso-
ciations, and the tactile perception is given below. It is stated that many of the participants
deemed the color identifications through ColorWatch to be very easy or easy, hence only
the critical or imperative responses are provided here:

e [tis divided into a circle and a square shape, so there was no big inconvenience.

® It was easier to distinguish by touching than it was to memorize.

®  The Red and Green portions overlapped with the corners of the square and were not easily
recognized compared to other positions.

e The distinction between square and circle is good.

® [t seems that it was a little difficult to recognize the raised dot.

Subjects felt confident about using the tactile interpretation of color when asked about
suggestions for improvements regarding tactile or any other modality as a color perception
solution for PVI. The critical comments are as follows:

e [t would be helpful if the spectrum of recognizable colors widens.

e [ think it will be easier to distinguish if the outer disk is also not round but has edges or angles
like the square disk.

*  Product miniaturization.

e Ifwvoice is added, it will be helpful for recognition.

e Vibration and temperature might also be used.

Finally, subjects” opinion about being the ColorWatch helpful for PVIs is as follows:
*  I'mnot sure if there’s a product like this, but, if there isn’t, it might help.
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e [t seems to be helpful for the visually impaired in that it can select clothes suitable for TPO
(Time Place Occasion) and reflect preferences for fashion.

e It can be needed for scenarios like if someone complimented your shirt, and you associate this
emotional response with the shirt color.

e [t seems to be helpful because even the visually impaired may have to recognize colots.

e The advantage that people who do not know Braille can easily recognize the color.

e [ think it would be good to make it easier to recognize if it is less affected by ambient light.

o [ think it will help. Because there is a lot you can find out from color.

e [ think it will be helpful enough. You can quickly recognize colots.

e [t seems to be helpful in color recognition. It was placed in a circle like a color scheme to make
it relevant.

4. Discussion

According to the National Federation of the Blind, braille literacy has been on the
decline. Out of 1.3 million legally blind people in the USA, only 10% of them can read
braille. Moreover, only 10% or blind children are learning braille, calling it “The Braille
literacy crisis in America”, which limits the prospects of braille based designs [39]. The
braille watches [22-24] can theoretically be used as a digital braille interface if combined
with color sensing and color recognition systems; however, no such scheme has been
presented by the developers. A summary and comparison of these have been provided in
Table 6. Analog time watches with conventional rotating hands exhibit gradually altering
angular orientation because the hands move continuously with passing time, whereas
digital time watches numerically convey time. The continuously rotating analog watch
hands provide a means to the human brain for instantaneous spatial recognition, such
as the relative difference between two time-stamps and the apprehension of remaining
time until an event. Situations like these for an analog watch do not strictly engage mental
numeric calculations, which is conversely true for a digital watch where brief mental
calculations are required for interpreting these events. In terms of human perception, it
is a matter of spatial recognition versus mental numeric calculations. Likewise, a mere
description of color in text or braille manner in a theoretical scenario of inclusion of color
information through braille watch might not be sufficient for PVI perception as it lacks the
essence of color nature, their relative relationships, and interpretation.

Related works are focused on the tactile translation of colors in artworks, which limits
the usability of those schemes in daily life. They also have high learnability requirements,
and cannot be used for the color perception of arbitrary objects. We have integrated
perceptual color patterns with analog watch design in an intuitive arrangement. The
subjects” feedback validated the effectiveness of ColorWatch TCP as there were only a
few incorrect color identifications, and almost all of the identifications were correct. The
subjects were also able to understand the tactile-color association and the way they are
organized on the watch design. It enabled them to quickly recall the correct related color
for the detected angular position on the disk. The subjects reported the ease of tactile dot
detection on the square disk in comparison with the round disk. This might be caused by a
fewer number of probable positions for the tactile dot on the square disk rather than the
round disk. Another possible reason for that may be the shape of the square disk which
conserves its apparent tactile shape perception even after rotations at 90°, and the angular
position of the tactile dot at one corner of it can be identified relative to its distinct and
conserved geometry. A similar effect can be achieved for one tactile dot detection of any
regular polygon shape, if the number of distinct positions or the number of fixed angle
rotations it takes for one full revolution is a factor of the number of polygon vertices. The
reason for the round shape of the larger disk for color hue in color perception, and the
minute pointer in timepiece mode is chosen instead of a polygon shape is to help identify
continuous rotations for the minute pointer in timepiece mode. Moreover, the continuous
movement of round disk or minute hand can provide more precise time, instead of fixed
rotations for every five minutes, for example. The color gamut of ColorWatch might be
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further extended to represent eight color hues, each for three levels of color tones along
with eight levels of achromatic colors as shown in Figure le. In this way, the colors are
placed at 60°angles on the color wheel, capable of presenting 32 colors. The dynamic nature
of spatial color recognition for reference color and easy learnability makes it particular
among TCPs from relevant research. A brief comparison for relevant works is provided
in Table 7. This might help PVIs as an assistive device as the overall rating of ‘Good" is
reflected by test subjects’ responses. The workload assessment test also validates it to be
suitable for a broad population of potential PVI users with low learnability requirements,
as indicated by below-average scores of mental demand coupled with low frustration, and
higher satisfaction about performing the task correctly.

Table 6. Features and comparison of tactile watches.

Product Output(s) Mode Features Workload Learnability
Numeric 4-dot Mental
Tyler K. [22] Timepiece condensed Time and date numeric The Braille literacy crisis
braille code calculation
Numeric 6-dot Smartphone wireless Mental
Dot Inc. [23] Timepiece braille code phol numeric The Braille literacy crisis
. connectivity .
interface calculation
Anderson N. . . Numeric 4-dot Caller ID and pick/drop MentaI' a1 .
Timepiece condensed numeric The Braille literacy crisis
L. etal. [24] . for smartphone calls .
braille code calculation
. . Traditional analog Intuitive Intuitive human
. Timepiece & . . . . .
This work Colorpercention Analoginterface interface, Durable spatial perceptual design for time
percep design, Color perception  recognition and color representation
Table 7. The overview and comparison with relevant works on tactile color pictograms.
TCP Basic Patterns (Concepts) Number of Colors Presented Medium

Taras et al. [17]

Dots (braille)

23 (6 hues + 2 levels of lightness for
each hues + 5 levels of achromatic)

Braille embossed surface
pattern

14 (6 hues+ 5 other colors + 3 levels
of achromatic)

Ramsamy-Iranah

etal. [12] Polygons (children’s knowledge)

Embossed surface pattern

Geometric pattern and texture

(traditional conventions) 11 color hues

Stonehouse [40] Embossed surface pattern

Lines, orientation, grating. The first
eight colors are divided into 20°
angle (rainbow shape)

90 (8 hues + 4 levels of lightness and
5 levels of saturation for each hues +
9 levels of brown and achromatic)

Simplified: 29 (6 hues + 2 levels of
lightness and 2 levels of saturation
for each hue + 5 levels of
achromatic)

Extended: 53 (12 hues + 2 levels of
lightness and 2 levels of saturation
for each hue + 5 levels of
achromatic)

Shin et al. [4] Embossed surface pattern

Cho et al. [16] Dots, lines, and curves (pictograms)

Embossed surface pattern

Simplified: RYB color wheel model:
six colors are divided into 60°
angles in the 6 RYB color wheel
(watch type)

Extended: eight colors are divided
into 45° angles in the 8 RYB color
wheel (watch type).

24 (6 hues + 3 levels of lightness for

; Automatic spatial
each hue + 6 levels of achromatic)

representation as assistive
wearable device, Embossed
surface pattern

This work

32 (8 hues + 3 levels of color tones
for each hue + 8 levels of
achromatic)
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The contributions of this study are listed here:

1.  The design for ColorWatch is presented which can aide PVIs in color perception, in
addition to time recognition.

2. The angular tactile pattern for color is proposed with associated angular positions
of tactile dot to a range of achromatic colors and basic colors with hue, value, and
chroma indication.

3. The combination of colors from Goethe’s color triangle and Munsell color system has
been integrated with the analog watch design interface. This interface is capable of
instantly presenting automatic spatial tactile patterns for any detected reference color
from the artworks as well as from real-life objects. This eliminates the need for static
color translations of artwork onto tactile relief. The spatial color identification for
arbitrary objects outranks the static interpretations for the artworks of existing TCPs.

4. The prototype has been developed, and the tests have been performed to investigate
effectiveness in terms of accurate identification of color, workload requirements for
pattern learning, and usability for color detection.

5. The color wheel depicts essentially the visible spectrum of colors enclosed by a circle,
and is a useful tool for describing what happens when you mix colors, complementary
color relationships, and adjacent colors. Traditional TCP requires embossed surface
patterns to represent colors for each artwork. Our proposed system eliminates such
embossed surface patterns, and can be used as a reconfigurable platform, providing
better mobility, dissemination, and flexibility.

5. Conclusions

The development of assistive technologies for art appreciation for visually impaired
people can enhance their cultural and perceptual appreciation. These opportunities result
in better comprehension and accessibility at museums, exhibitions, and everyday life.
These multisensory interactions may also offer enhanced usability, understanding and
promote educational tools aiding synesthetic capabilities to promote creative thinking.
Color associations with aspects such as symbolism, culture, and preferences play an
influential role, demanding the promotion of PVIs’ color comprehension in daily life as
well. Tactile color pictograms using tactile sensing attain sensational conception along
with other physical properties of artwork such as contour, size, texture, geometry, and
orientation. Although several TCPs have been developed, they are limited to fixed tactile
color interpretation, which requires outgoing resources. We have proposed the design
for ColorWatch integrating colors from Goethe’s color triangle and Munsell color system
with analog wristwatch, allowing spatial color-to-tactile interpretation. We have associated
achromatic and monochromatic colors with chroma and value levels to the cross-modular
tactile interface. The tactile interface manifests angular positions of tactile patterns. These
patterns can be transformed automatically corresponding to the reference color. The
arrangement of the tactile pattern is based on intuitive learning, which is translated through
analog wristwatch tactile interface. This integrated approach offers ease of learnability
to provide the essence of particular emotional or psychological states. We developed a
prototype and performed an identification test for proof of concept. The test results for
color identification present good accuracy and validate our hypothesis. Usability tests
based on system usability scale and workload assessment by NASA-TLX tests suggest
that the proposed ColorWatch system can help people with visual impairments in color
identification and reduce a factor that hinders their museums’ accessibility and real-life
color perception. The function of ColorWatch may be expanded to represent color gamut
of forty-two colors with twelve color hues based on the RYK color wheel, originally
described by Issac Newton. The six additional color hues can be represented at uniform
30°angular distances, alternating between existing chromatic color hues. We shall expand
experiments with subjects for balanced gender and diverse PVI vision statuses, and explore
their simultaneous cognition abilities for a multisensory appreciation of artworks as a
future study.
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