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Abstract

In this paper, a real-time image processing system designed to simulate visual impairment for the normally
sighted is presented. The system consists of a video camera, a computer, and a virtual reality (VR)
headset. Based on the Hadamard (or Schur) product of the camera’s video signal and a set of predefined
masks, users can experience eye diseases such as macular degeneration, diabetic retinopathy, glaucoma,
hemianopsia, among others. A quantitative user study is presented to illustrate the most complex daily
task people with visual impairments face: reading.

Keywords: Hadamard product, image processing, simulator, visual impairment, wearable system.

1 Introduction

In August 2014, the World Health Organization (WHO) released its latest report
on Visual Impairment and Blindness [27]. This report estimates that there are
285 million visually impaired people worldwide. Of these, 246 million present low
vision and 39 million are blind primarily from cataract, glaucoma, and age-related
macular degeneration. The prevalence of blindness is both age and demography
dependent: about 82% of the world’s visually impaired are aged 50 and above and
90% of the people with visual impairments live in low income settings. These figures
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represent an important social and health care problem that requires the involvement
of society.

For most normally sighted, blindness and visual impairment seem a far issue.
The daily limitations experienced by this population cannot be imagined when sight
is taken for granted. Any common activity (such as information access, mobility,
way finding, interaction with the environment and with other people, etc.) repre-
sents a serious challenge. Few sighted have ever wondered what would be like to
be visually impaired. The possibility of experiencing the disability and facing its
challenges would certainly represent a step forward to a better understanding of
visual impairment.

Within this context, we have developed a computer-based system that gives the
user an accurate idea of the consequences of several eye diseases in human vision.
The system essentially consists of a virtual reality (VR) headset that projects image
and video within an immersive environment.

Upon the use of digital image processing techniques, the VR headset’s input can
be modified to simulate the most common causes of visual impairment.

The main goals of this project are to educate normally sighted about low vision
and to provide a technological platform that recreates low vision conditions for the
normally sighted in order to test new concepts of assistive devices.

The rest of the paper is organized as follows: Section 2 presents a brief state of
the art review of low vision simulators. Section 3 describes the design, prototype,
and operation principle of the proposed simulator. Section 4 evaluates the system’s
performance through a reading task performed on a group of voluntary subjects.
Finally, Section 5 concludes summarizing the paper’s main contributions and future
work perspectives.

2 Related work

The easiest way to represent impaired vision is by drawings and paintings. There
are some artistic works made by people with visual impairment that illustrate the
consequences of eye diseases. For example, the compilation of paintings in [17] shows
the perception that an artist with macular degeneration has of the environment.

A popular way to simulate visual impairments is with lenses. Several simulators
of this kind already exist and are commercially available [9,28]. They consist of
welder’s goggles that have their lenses modified to simulate low vision. They are
simple, robust, and inexpensive. The main inconvenience of goggles is they can
simulate only one eye disorder.

Computer technology has been employed to simulate low vision. Several projects
can be found in the literature. They all consist of software tools that, upon the use
of digital image processing techniques, are capable of simulating myopia, macular
degeneration, cataract, glaucoma, etc. [1,11,13] as well as different levels of color
blindness [26,21]. The user normally selects the eye pathology to apply over 2D
static images and visualizes the results on the computer’s screen.

In the VR field, Jin et al. designed a virtual apartment that had to be explored
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experiencing visual impairment [14]. Similarly, Lewis et al. proposed in [16] a
virtual restaurant that users had to navigate under low vision conditions.

3 Design concept and prototype

The conceptual design of the simulator is shown in fig. 1(a). The system essentially
consists of a video camera and a VR headset both connected to a computer. The
video obtained by the camera is modified by real-time image processing techniques
running on the computer and the result is projected on the VR headset.

The VR headset works as a secondary display to the computer. This first pro-
totype uses the Emagin Z800 3DVisor [8], which is a compact, lightweight, and
low cost head-worn display that provides an immersive environment. On the other
hand, the video camera provides high-resolution (1600 x 1200 pixels) RGB images.
Its compact dimensions (6.8 cm x 6 cm x 5.8 cm) and mass (89 g) are an advantage
for this application. The simulator is shown in fig. 1(b). Note that the system is
totally wearable.

Perimetry studies carried out with an automated Humphrey Field Analyzer
(HFA) reveal that the prototype’s attainable visual field is 56°. Fig. 2 compares
some visual fields of interest with the simulator’s one: the human field of view is
approximately 190°. However, a correct discrimination of objects requires some
visual acuity which does not occur in all this range. Discrimination of forms is
accomplished with a visual field of 60° while reading text with one of 20°.

A self-developed software in C++ and OpenCV [19] modifies the VR headset’s
input image/video to simulate eight different types of eye pathologies. The operation
principle is shown in fig. 3.

Consider an RGB image of dimensions MxNx3 denoted by matrix A and a
binary image of dimensions MxN denoted by matrix P (the mask). The Hadamard
(or Schur) product is the element-wise multiplication of each RGB layer of matrix
A and matrix P as defined by eq. (1). If the value of the pixel p;; is 0 (black),
then the output pixel c;; will be 0. If the value of the pixel p;; is 1 (white), then
the output pixel c;; will equal a;;.

0 ifpij:()

Qi if Dij = 1

C—<AoP>ij—{ 1)
where the symbol “o” represents the Hadamard product operator and i the set
of indices that indicate the position of the element within the matrix.

Upon the use of this technique, users can experience:

1. Macular degeneration: It is an eye disease caused by degeneration or
damage of the macula. It is usually observed in adults over 50 years old and is
the leading cause of visual impairment in this population [6]. When the macula
does not work properly, the central area of the view is clouded with a black spot.
Peripheral vision remains intact (Fig. 4(a)).

2. Diabetic retinopathy: It is an ocular manifestation of diabetes caused by
the deterioration of the blood vessels that irrigate the retina. Such deterioration
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camera computer VR headset
(a)
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Fig. 1. Visual impairment simulator: (a) Design and (b) prototype.
gaze direction
text

-10° forms

-30° simulator

visual field

-95°

Fig. 2. The simulator’s visual field.

involves fluid or blood leaking onto the retina. The consequences in human vision
are shown in fig 4(b). It is estimated that 80% of all patients who have diabetes
type 1 or 2 for more than 10 years will develop diabetic retinopathy [15].

3. Hemianopsia: This is an eye medical condition that only affects half (either
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P

(2) ()

Fig. 4. Eye diseases simulated by the prototype: (a) macular degeneration, (b) diabetic retinopathy, (c)

hemianopsia, (d) central scotoma, (e) tunnel vision, (f) migraine fortification, (g) pituitary tumors, and (h)
glaucoma and retinitis pigmentosa.

right or left) of the visual field (Fig. 4(c)) [10]. It normally affects both eyes. It
may be congenital but it is usually related to brain injuries caused by strokes, severe
trauma, or as a result of surgery.

4. Glaucoma: It is an eye disease that is usually characterized by the increase
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Table 1
Profiles of simulated eye diseases.
Eye disease Affected image (%)
Macular degeneration 5
Diabetic retinopathy 6
Hemianopsia 48
Central scotoma 8
Tunnel vision 96
Migraine fortification 8
Pituitary tumors 10
Glaucoma & retinitis pigmentosa 91

of intraocular pressure. As a result, blind spots are generated in the visual area.
Glaucoma can either cause loss of central vision (central scotoma, fig. 4(d)) or loss
of peripheral vision (tunnel vision, fig. 4(e)) [3].

5. Migraine fortification phenomenon: People suffering from migraine may
experience transit visual symptoms similar to that shown in fig. 4(f) [12]. Once the
migraine diminishes, vision returns to normal and the patient may experience other
symptoms of the migraine including headache, nausea, loss of balance, ringing in
the hears, etc.

6. Pituitary tumors: These tumors are benign (noncancerous) and they are
often never diagnosed during a person’s life. As the tumor grows, variations may
occur in the production of hormones that regulate important body functions such
as vision. Fig. 4(g) shows a typical visual change due to pituitary tumors [18].

7. Glaucoma and retinitis pigmentosa: Sometimes glaucoma and retinitis
pigmentosa combine to severely damage vision (Fig. 4(h)) [2]. It is a genetic and
degenerative pathology. Often, a patient with this combination will become legally
blind because of the severe loss of vision.

Table 1 quantifies the impact of the proposed masks on the simulator’s input
image/video by giving the affected percentage for each simulated pathology.

4 Evaluation

Tasks that can be conducted with the simulator involve information access, mobility,
object manipulation, interaction with other people, among others.

Indeed, several surveys conducted with low vision patients agree that reading
is the most challenging task in their everyday lives [7,5]. For example, an intake
questionnaire asked to 1,000 visually impaired patients at Johns Hopkins Wilmer
Eye Institute show that reading is the primary concern for 65% of the respondents
(Fig. 5).
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A preliminary experiment was carried out with a group of normally sighted
to evaluate subject performance in reading texts with the simulator and a set of
simulated visual impairments.

Reading
Driving

Near tasks
Distance tasks
Mobility

Faces

Other tasks
Glare

Writing

TV

] ] ] ] ] ]
0 10 20 30 40 50 60 70

Answers (%)

Fig. 5. Main concerns for people with visual impairments, after [20].

4.1  Participants

Five young adults (3 men and 2 women) undergraduate students at Panamericana
University participated voluntarily in the experiments. The only selection criterion
used was to have good vision without the need of glasses; this with the sole purpose
of not obstructing the use of the VR headset. Ages ranged from 19 to 24 years with
an average age of 21.2.

4.2 Method

The experiment consisted of reading aloud a text of 180 words with the prototype
and with the prototype simulating diabetic retinopathy, hemianopsia, central sco-
toma, and tunnel vision. Three different texts of 180 words each (Times Roman font
size 14) were used throughout the test to minimize the effects of sentence repetition
and text memorization. The reading time was recorded for each participant under
each of the low vision conditions.

Before the test, the subjects were allowed to adjust the VR headset at their con-
venience. After explaining the task, a short familiarization time with the simulator
was granted. During the test, a 500 lux room lighting level was provided to ensure
ideal conditions for reading. Fig. 6(a) illustrates the development of this test.

4.8 Results

Fig. 6(b) summarizes the reading times obtained from the subjects for each sim-
ulated visual impairment. Median reading times were 50 s for normal reading
conditions (without the prototype), 58 s for the prototype projecting the original
video (no simulated impairment), and 80 s, 84 s, 84 s, and 264 s for the prototype
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simulating diabetic retinopathy, hemianopsia, central scotoma, and tunnel vision,
respectively.

Note that the median reading times for normal reading conditions and for the
prototype projecting the original video are very similar so it can be concluded that
the use of the simulator did not affect significantly the subjects’ performance in the
task. Note also that reading performance with diabetic retinopathy, hemianopsia,
and central scotoma is practically the same. These three eye disorders affect central
vision whereas peripheral vision is maintained; therefore a similar performance can
be expected. Nevertheless, an important increase on the reading time is observed (30
s over normal reading). Not surprisingly, the highest reading times were observed
for tunnel vision. Two subjects found this reading condition extremely difficult and
abandoned the test without concluding it. They were excluded from the analysis.
Based on these results, it can be concluded that peripheral vision is more relevant
for reading than central vision.

300

Time (s)
|_

100 | T 1

sof%éJ—lT,J— ]

Normal  Original video  Diabetic ~ Hemianopsia  Central Tunnel
retinopathy scotoma vision

Reading condition

(b)

Fig. 6. Reading task: (a) Experimental setup and (b) box plot analysis for the reading times under each
simulated visual impairment.
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5 Conclusion

In this paper, the design, implementation, and preliminary evaluation of a simulator
of visual impairments was presented.

The system consists of three modules: a video camera, a computer, and a VR
headset. Real-time image processing techniques are applied to the video obtained
by the camera and the result is projected on the VR headset. Upon the use of the
Hadamard product and a set of masks, the system is capable of simulating the eight
most common causes of visual impairment.

The simulator’s design is simple and easy to implement. The prototype devel-
oped is compact, low cost, wearable, and provides a clear and precise idea of the
nature of the eye diseases simulated.

An advantage over low vision simulator goggles [9,28] is that the use of masks
does not require any manufacturing or mechanical assembling and allows an eas-
ier/faster development and testing of low vision effects. Comparing the simulator
with the works described in [1,11,13], the prototype here presented provides real-
time video of the surrounding environment which is undoubtedly a great advantage
over static images on the computer’s screen. Concerning the low vision simulators
in virtual environments [14,16] it can be concluded that although they offer real-
istic graphics, they offer a limited version of the environment for users to explore
and interact. The simulator presented in this paper is designed to work in real
environments.

The simulator was experimentally evaluated with a group of five normally sighted
volunteers in a task involving reading texts. Data from this experiment allow us to
determine the impact of these impairments on the task. Results obtained suggest
that reading speed depends on peripheral vision (in agreement with [4]).

The main goal of our system is to educate and sensitize normally sighted about
low vision and the daily challenges the visually impaired face. This is particu-
larly useful for professionals involved in the field such as special education teachers,
Braille teachers, psychologists, orientation and mobility specialists, low vision spe-
cialists, and vision rehabilitation therapists. A second goal is to have a wearable
technological platform that simulates low vision conditions for the normally sighted.
This is useful for the design and evaluation of new concepts of assistive devices.

Future applications of the simulator will assist the design of software tools that
address the problem of digital information access for people with visual impairment.
The simulator will undoubtedly provide helpful hints on how to adjust the text
displayed on the computer’s screen to fit the particular needs of low vision readers.
It is also expected to use the simulator to review our previously developed assistive
devices [22,23,24,25] with the aim of finding improvement points in terms of usability
and accessibility.
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