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A B S T R A C T

This paper presents a new graphical macular interface system (GMIS) for accurate, rapid, and quantitative
measurement of visual distortion (VD) in the central vision of patients suffering from macular disorders. In this
system, a series of predefined graphical patterns or multiple grids (NGRID) are randomly selected from a library
of patterns and visualized on the screen, then the VDs identified by the patient are recorded as binary codes using
various control methods including speech recognition. Scalable Vector Graphics (SVG) is used to generate the
patterns and save them into a central library. Based on the projected patterns and the patients’ responses, a VD
graph or so-called heatmap is generated for eye-care purposes. We demonstrate and discuss the functionality of
the proposed system for the detection and progress assessment of a macular condition in patients suffering from
Central Serous Chorioretinopathy (CSR). Also, we characterize the proposed technique to evaluate the sys-
tematic error and response time on healthy human subjects with normal vision. Based on these results, the voice
recognition input method exhibits a lower error but a higher response time compared to other input devices. We
run the proposed NGRID VD technique to evaluate the effect of CSR on the visual field of a CSR patient. The
generated heatmaps are in agreement with standard Optical Coherence Tomography (OCT) images obtained at
different times from both the left and right eyes. These results reveal the applicability of the proposed technique
for the detection and assessment of macular disorders. Based on these results, the proposed NGRID platform
shows great promise for use as an alternative solution for in-home monitoring of various macular disorders and
as a means of forwarding responses to secured cloud facilities for future data analysis.

1. Introduction

Macular disorders such as Myopic Maculopathy, Macular Holes,
Diabetic Macular Edema, Age-Related Macular Degeneration (AMD),
and Central Serous Chorioretinopathy (CSR) affect central vision [1–3].
In their early stages, they cause Visual Distortion (VD) including me-
tamorphopsia [4]. In their advanced phases, they cause severe VD, in-
cluding central vision loss and scotoma. Among these retinal disorders,
AMD is the leading cause of blindness, and it has been projected to
affect 196 million people over the age of 65 worldwide by 2020, and up
to 288 million by 2050 [5]. Early detection of macular disorders is
crucial as close monitoring allows for intervention before irreversible
damage occurs [6,7]. As seen in Fig. 1, at their early stage, these con-
ditions mainly inflict retinal deformation, subsequently causing mild to
severe VDs.

The Amsler chart, a printed paper grid with a central fixation mark,
is widely used to test visual abnormalities [8]. Current best practice for

patients relies on measuring their responses to an Amsler chart test
followed by an immediate assessment of their performance to perceive
any new developed VDs, as seen in Fig. 2a. However, the sensitivity of
the Amsler chart in detecting small VDs is low (50% failure on VDs
smaller than 6° [9]). Also, the detected VD results are not numerical and
fall to the interpretation of the test administrator. Therefore, it is not
possible to quantify the progress of the macular disorder.

Many papers have recently reported the advantages of computer-
ized methods to overcome the problems mentioned above [2,10–13].
Among these, graphical techniques and tests such as Preferential Hy-
peracuity Perimeter (PHP) and Macular Computerized Psychophysical
Test (MCPT) have recently received interest from eye care professionals
[11,14–16]. In MCPT, the patient is asked to direct a cursor to a point in
the center of the screen using a mouse prompting the system to generate
a virtual line [11,14]. Assuming the virtual line is projected in the re-
tina lesion, subsequent a rapid fixation, the patient should be able to
detect the VD. The PHP technique similarly generates stimuli consisting
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of a straight line of dots with one or two dots out of alignment. These
misalignments should be subsequently identified by touching the screen
using a stylus pen [17,18].

The aforementioned techniques offer several advantages including
low complexity, non-invasiveness, and home diagnostic capabilities.
However, they still suffer from some limitations. For instance, the ac-
curacy of the above techniques to identify the position of retinal lesions
depends on the proper visual fixation at the center of the screen. In
these techniques, the patients' focus moves from the center of the screen
to find the position of the mouse cursor (MCPT method) or the stylus
pen (PHP method) to touch the screen. This results in rapidly changing
fixation between the center of the screen and input device. This re-
petitive change of fixation reduces the concentration of the patient and
diminishes the accuracy of VD detection. This also increases the re-
quired time of examination as the patient becomes involved in the
pointing task itself while executing the test. This issue can be studied
through the Index of Difficulty via Fitts' Law [19]. Any pointing tasks,
such as clicking between two points on the screen, possess a systematic
inherent difficulty. Fitts’ Law states that the pointing task becomes
more difficult if smaller targets with more distance between them need
to be targeted. Of course, not having any pointing task involved in the
test would eliminate this inherent difficulty.

It is noteworthy that the examination time is an important factor
that should be concise to avoid eye fatigue. In this paper, we propose a
new graphical macular interface system (GMIS) for highly accurate

detection of VDs caused by macular conditions. Fig. 2b illustrates the
proposed technique which involves screening an array of patterns. A
series of responses associated with the patterns are recorded in the form
of binary data. Indeed, a series of positive (e.g. ‘yes’, ‘good’) or negative
(e.g. ‘no’, ‘bad’) responses are collected and converted to a series of ‘0's
and ‘1's respectively. In this process, binary data – ‘0′, ‘1’ – represents
the absence (‘good’) or presence (‘bad’) of distortion in each projected
pattern in the retina.

The main objective of this work is to develop a low cost, low
complexity, easy to use, home monitoring device that can help patients
to monitor the progress of their macular disorders and to have better
measures by which to be alerted to visit the doctor's office. Such a
unified hardware-software system needs to accurately and quickly
perform the VD tests via GMIS to detect and monitor the progress of
VDs, and consequently automatically alert the patient about the ur-
gency to visit the doctor's office or the hospital, should Anti-VEGF in-
jections or other procedures be needed [20]. The long-term objective of
this work is the development of a data center that can collect the AMD
assessment results and securely store the data in cloud servers. In this
direction, we develop the required hardware as well as software to
allow patients around the world to use the proposed platform to assess
the progress of their macular disorder individually and to provide the
opportunity for them to make their information available in support of
data analysis efforts aimed at treating macular disorders for all. To date,
a few papers reported the development of medical data [21,22] for

Fig. 1. Schematics of (a) a retina with (b) healthy macula versus (c) unhealthy macula (the deformed retinal basement due to macular disorder). Various parts of the
eye including (1) sclera, (2) iris, (3) cornea, (4) pupil, (5) lens, (6) entire retina, (7) macula, (8) optic nerve and vitreous are shown in this figure.

Fig. 2. Schematics of (a) legacy paper-based Amsler grid VD detection, versus (b) quantitative computerized VD detection.
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various biomedical applications but the development of a central data
repository for macular disorders or retinal diseases have not been met
yet. The focus of this paper is placed on developing a new method of
detecting macular disorders using a unified software-hardware system.
This custom-made platform will be employed for running the tests on a
large number of patients suffering from various macular disorders, in-
cluding CSR and AMD. This paper also paves the way for the devel-
opment of such a central data resource after running the required
clinical trials involving patients suffering from different macular dis-
orders and also after receiving the standard health approvals. Macular
related data collections derived from this research in the future might
be suitable for ophthalmology research and pharmaceutical studies.

In the remainder of this paper, we put forward the proposed system
in section II. In sections III and IV, we discuss the proposed hardware
and software, respectively. In section V, we demonstrate and discuss the
measurement results, followed by a conclusion in section VI.

2. Proposed interface system

The proposed GMIS relies on displaying predefined patterns and
collecting patient responses using control devices. Based on the patterns
and patient responses, a heatmap is generated for the detection and
progress assessment of a macular condition. Below we discuss the de-
tails for each component comprising our proposed system including an
overview of the patterns, use of control input devices to provide ways to
answer the test, as well as different techniques to create the heatmap of
visual distortions for visual and quantitative assessment of macular
disorders.

2.1. Patterns

A GMIS includes a series of patterns that are used as stimuli pro-
jected onto the retina. The patient's response is recorded while the
patient has concentrated their gaze onto the center of the screen. In
order to avoid the problem of changing the fixation during the ex-
amination, in this work, a series of patterns are shown, and the patient
is asked to react only if the predefined pattern is observed as being
distorted. In other words, the proposed method does not require cap-
turing the position of each distorted pattern via mouse or stylus. Let us
assume a VD test is composed of a series of N frames that are visualized,
and the patients' responses are recorded correspondingly. In each frame

displayed to the patient, a pattern is displayed. This pattern can be a
single or a group of straight-lines with predefined Cartesian co-
ordinates, as seen in Fig. 3.

There are several parameters that can be selected to generate var-
ious patterns using straight lines, as seen in Fig. 3a–f. These parameters
include width (W), length (L), grayscale (G) or colour (C), angle (α) and
style (S) form of lines (e.g., solid, dash, dash-dot, etc.). A number (n) of
parallel lines can form a pattern (Fig. 3e) or a network of patterns
(Fig. 3f). The number of frames (N) and the time of projection (tp) can
be controlled by knowing the permitted time of examination. The op-
timum values of parameters are obtained for a high accuracy assess-
ment of VDs. For instance, as the default, black lines on a white canvas
are chosen to achieve the highest contrast. However, for patients who
have difficulty recognizing such patterns, the system can further adjust
colours, thickness, contrast, and brightness appropriately for each pa-
tient.

Additionally, the length and number of parallel lines, are two other
parameters that can be modified to ease VD detection. Detecting mis-
alignments in longer dashed lines are easier due to Vernier acuity in
humans. Fig. 3g-l illustrate simplified models of distorted patterns,
namely ξ1, ξ2, ξ3, ξ4, ξ5 and ξ6, respectively. One may argue that ξ2 can
be identified more easily than ξ3 and ξ1 (increasing contrast and pre-
sence of thicker multi patterns). Also, ξ5 can be more easily detected
than ξ4 and ξ6 with a healthy eye. Fig. 3c and 3i show patterns that can
be repeated with different angles (α) in different positions. A series of
such patterns are shown to the patient (see Fig. 3m). The combination
of patterns shown in Fig. 3a-l can be used to form a VD test frame (one
or more patterns can be used). The selected patterns from any one of the
patterns in Fig. 3a–f should allow the accurate detection of visual dis-
tortion. For instance, a dotted line can be better detected than a solid
line due to Vernier acuity (as utilized in PHP and MCPT methods). It is
noteworthy that the parameters shown in Fig. 3 are changed per frame
and VD test. These parameters show the flexibility of a graphical plat-
form to develop multi-parameter patterns.

As noted above, a VD test includes a group of frames with straight
lines; however, we have also used distorted lines to run a VD test on
healthy participants to evaluate systematic errors and response times
using various control devices. It is noteworthy that in each frame with a
positive response, all Cartesian Coordinates points of a pattern are re-
corded. In this work, we take advantage of SVG for the generation of
patterns, frames, and the collection of responses [23,24].

Fig. 3. Illustration of various patterns created with (a)–(f) straight lines and (g)–(l) distorted lines along with (m) a series of frames. The graphical pattern in each
figure (g–l) are called ξ1 −ξ6 respectively.
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2.2. Control

As mentioned, the response of a patient is recorded using a control
input device, including keyboard, joystick, and speech recognition. The
response of a patient for each one of the N frames can be ‘0’ or ‘1’. At the
end of an examination, N bits should be collected if a response is re-
gistered for all frames. All patterns associated with ‘1’ bits will be used
to create the heatmap. For the selection of an appropriate control de-
vice for a patient, the response time and error are two metrics that
should be minimized. A characterization study has been made in the
last section of this paper for the comparison of response times and er-
rors in healthy participants. Among the control devices, speech re-
cognition has the advantage of collecting the responses of patients for
various patterns. For example, it can be used to identify the letters from
the vocal responses of patients when the letters are used instead of
patterns in a frame of the test.

2.3. Heatmap

As already mentioned, the recorded responses include a series of 0's
and 1's that are used for VD assessment. This assessment can be per-
formed using different methods to approximately calculate the
boundary of metamorphopsia or scotoma. This boundary can be esti-
mated using various methods including threshold, interpolation, or the
proposed heatmap methods as seen in Fig. 4a–c. In this work, we will
only use the heatmap method shown in Fig. 4c.

Threshold method: In this method, the number of 0's, regardless of
the positions of associated patterns projected in the retina, can be
counted and compared with a threshold number (Fig. 4a). This number
should be higher than the systematic error. It is noteworthy that the
systematic error is defined as the average number of errors made by
participants with healthy eyes. This method can be used to detect the
onset or to measure the progress, of macular conditions. However, it
does not give any information about the location of lesion regions in the
eye.

Interpolation method: In each VD test, the set of a patient's responses
is used to create a boundary function. The boundary can be created by
connecting the centers of all ‘bad’-response patterns (Fig. 4b), which
gives an estimate of the affected retinal lesions by calculating the sur-
face of the boundary. However, this method suffers from a lack of ac-
curacy since the center of each pattern is not necessarily placed in the
VD affected lesion.

Heatmap method: In this method, all patterns that are related to the
‘bad’ responses are collapsed in a single frame. All pixels associated
with the distorted patterns are used in the generation of a heatmap.
Each pixel may belong to γ distorted patterns where 0 ≤γ. The heatmap
is generated by drawing a circle on each pixel so that each circle has an
opacity and a radius proportional to γ (Fig. 4c). Therefore, the higher
the γ, the higher the probability of identifying the damaged area in the
retina. When a pattern is seen distorted, all pixels in the pattern are

considered part of the damaged area even if only a single line or a
pattern with multiple straight-lines is seen distorted. In this work, we
use this method and a program, namely the NGRID Heatmap Generator.
This method is discussed in section IV-F.

3. Implementation of NGRID hardware platform

In this section, we discuss the essential elements needed to create a
hardware platform to facilitate NGRID tests and also securely store the
data potentially collected from a broad population of patients using the
system outside the clinic. Our main goal is to offer a low cost, easy-to-
use home-based VD assessment method for patients suffering from
macular conditions. Therefore, we developed a hardware platform to
allow patients with an internet connection to perform their VD test
daily or even several times per day. This platform includes a so-called
NGRID Data Center that can also be used as a data processing facility
for many applications, including the discovery of the effectiveness of
various drugs and supplements.

3.1. NGRID servers

The NGRID Data Center is composed of a set of physical servers to
create the cloud infrastructure that allows for linear scaling of NGRID
when the anticipated scaling is needed for serving a large number of
patients across the globe. As seen in Fig. 5, in this work, seven servers
are utilized. This figure also conveys the test setup that is used to

Fig. 4. Data Analysis strategies for creating the heatmap of the affected visual field; (a) threshold method, (b) interpolating method and (c) heatmap method. For
simplicity, only the transparent circles associated with pixels possessing two crossing patterns.

Fig. 5. A photograph of the NGRID platform including servers, control input
devices (joystick, keyboard, microphone for speech recognition), monitor and a
human participant who has fixated at the center of the screen (fixed his head in
front of the screen using a chinrest
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perform all experiments described in section V. The actual home
monitoring tests are performed in a slightly different environment and
consequently the estimated accuracy and response time of the proposed
method might be different. Each server has 64 GB of RAM and two
physical Intel Xeon 5460 CPUs. The servers are also equipped with a 4
Gbps Host Bus Adapter (HBA) card to access the NGRID Storage Area
Network (SAN). Each server runs on Linux Kernel 4.8 with the support
of Linux Containers (LXC) for OS-Level Virtualization and also allows
for Linux Virtual Server (LVS) to perform load detecting, fault tolerance
and load balancing of services. Each server is equipped with TCP off-
load and a Crypto Accelerator card (Cavium Nitrox) to accelerate the
SSL/TLS process for secure communication. Servers are also connected
through a backplane of a Host Channel Adapter (HCA) using Mellanox
InfiniBand (IB) with Remote Direct Memory Access (RDMA) for in-
cluster storage access and IP over IB (IPoIB) for fast 20 Gbps IP com-
munication within the cluster.

In this work, we run multiple services using LXC to fully utilize each
server. The services are composed of an SQL Database, Data Nodes
along with SQL workers and DB cluster managers, NGINX Web Server
acting as a static server while performing reverse proxy on the dynamic
web requests to the NGRID Application Server written in Scala. We also
use LXC to host Apache Cassandra and Spark nodes/workers for data
crawling across the cluster to run our various analytics in the future.
Our LXC also hosts the Apache Shiro security platform, which provides
full SSL/TLS hardening and Single-Sign-On (SSO). Redis is utilized as an
in-memory distributed cache for any small to medium size IO intensive
scripts, using NoSQL. With the help of LVS (through persistent hashing,
port health check, and monitoring the least established connections),
we perform load-balancing and provide high availability. Through
Apache Spark and LVS/LXC containers, the cluster can support a nearly
linear growth in servers to handle the more NGRID traffic load.

3.2. Data storage

In our current prototype, to provide highly available storage for our
micro-scaled NGRID data center cluster, we are connecting 20 × 300
GB SAS 6.0 Gbps 15 k RPM hard disk drives (with 4 × 128 GB solid
state drives acting as a dedicated cache) to a cluster of active/passive
OpenZFS links (via HBA 4 Gbps). To expose the LUNs to the NGRID
cluster (hosted on OpenZFS), we use a 24 port SAN Surfer switch
(connected to each server in the cluster via a 4 Gbps fibre channel link).
Each OpenZFS pool has a dedicated SSD cache along with ZFS Intent
Log (ZIL) to accelerate synchronous write transactions. LZ4 compres-
sion and deduplication are enabled.

In the NGRID platform, as mentioned in the next section, each test
can produce as much as 10 MB of very detailed log files and around
8 MB of raw voice recording for each test that a patient undergoes. For
350 patients who simply perform the test 3 times per day around 7 TB
of raw storage is needed to retain yearly data, which is lower than the
capacity of dedicated hard drives in this platform. However, by in-
creasing the number of patients, larger data storage is required. For this
reason, in order to avoid dealing with large and costly storage needs,
we enabled GZIP compression on our collected data (since the patient is
not speaking constantly we achieved around 400–500% reduction in
file sizes for our recordings). Also, the same was done for the stream of
events and SQLite logs (since only raw ASCII logs with fairly repetitive
keywords are used, a compression ratio of 700–800% is possible). This
means our storage size can be reduced by a factor 5.5, thus needing in
the range of 6 TB for five years’ usage. Therefore, the dedicated hard
drives (which use compression and deduplication at cluster level) are
sufficient for this purpose. It is noteworthy that the real-time voice
recognition is performed on a stream of PCM u8 mono channel at
11,025 samples per second with 8 bits per sample. Therefore, the audio

Fig. 6. Illustration of proposed software architecture.
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file size for a 12-min recording with 11,025 samples per second and
eight-bit resolution requires about 7.57 MB of storage space.

3.3. Other considerations related to display monitors

There are several parameters, such as luminance, contrast ratio,
reflection, and viewing angle, that should be taken into account in the
selection of medical displays [25]. In the proposed NGRID test, medical
grade monitors with the capability of HFFS (High-Transmittance Fringe
Field Switching) or AFFS+ (Advanced Fringe Field Switching) [26], for
enhanced colour calibration, near optimal colour and luminosity re-
production and minimum colour distortion can significantly increase
the accuracy of clinical trial tests. However, in the first stage of this
work due to budgetary constraints, we used a regular monitor.

4. Implementation of NGRID software platform

In this section, we discuss the details of NGRID software for gen-
erating the patterns, projecting the patterns in the form of VD tests
before healthy and unhealthy participants, collecting responses, design
of user interfaces for entering participants’ information and modifying
the specification of NGRID programs and generating heatmaps for the
attention of medical practitioners and ophthalmologists.

4.1. Software components

A simplified diagram of the proposed software architecture can be
seen in Fig. 6. As shown, an administrative interface was developed to
allow the research team along with medical staff, to easily create VD
tests. Another administrative interface was developed to enable medical
practitioners to add patients into the system and assign them different
VD tests. Another program was developed for patients to perform VD
tests. This program can also administer the VD test and collect the
patient's answers for generating the heatmap. All aforementioned in-
terfaces should be run securely in a highly distributed fashion in order
to enable access to different hospitals in different geographic locations.

To address this, as we discussed in section III, we created NGRID cloud
servers to host and enable the above-developed interfaces. NGRID cloud
servers are shielded through firewall, authentication, and authorization
layers to safeguard access.

The web requests are reverse proxied through a cluster of highly
available NGINX web servers that act as our Web Fronted layer. This
layer is composed of various web server modules to validate and proxy
communications to the backend Application Servers. The Application
Servers provide the logic and all the interfaces that are used by NGRID
VD Tests, NGRID SVG Editor, and NGRID Admin Interface. This layer is
composed of a dynamically scalable sub-cluster of NGRID Scala
Application Servers. In this platform, we are required to cache the most
frequently used data and thus decided to use an in-memory Redis
cluster to achieve this goal.

Further, this software system needs to store raw test events and
data, and we thus decided to use an Apache Cassandra cluster to
achieve this goal along with Apache Kafka streams to communicate all
the test events to the underlying Post Processing layer. To store the
tests' graphical data and settings, we should develop a Relational
Database Management System (RDBMS) and create a highly available
Network Database layer (NDB). A MySQL cluster is used as our RDBMS
backend which is composed of a series of scalable nodes to store the
data (data nodes), to provide means to process SQL queries (SQL
nodes), and provide a management system to scale-up and monitor the
NDBs (NDB manager nodes). Once patients do a VD test and all test
answers and events are collected, we need to process the patients’ an-
swers and find the areas wherein they experience visual distortion. We
do this at the Post Processing layer, which goes through all the stored
answers and generates a heatmap to visualize the severity of VD areas
experienced by each patient. Furthermore, within the post-processing
layer, we created a highly available and scalable Apache Hadoop and
Spark cluster to allow deep learning for our future needs (e.g., provide
means to analyze the collected data across hospitals to determine the
effectiveness of various treatments).

4.2. NGRID flow chart

As seen in Fig. 7, this platform allows users, including patients or
ophthalmology assistants or supervisors, access to the platform. At the
first step, the users are identified as (a) supervisor, (b) patient/assistant
or physician or (c) software designer. A designer can develop new
patterns and generate new VD tests using the proposed web-based tool
introduced in sub-section IV-C. The generated data is saved in the Data
Center and collected in the Database (DB). The NGRID data center has
many other components which are responsible for processing the results
and generating heatmaps as well as a secure, load-balanced, web portal
to access NGRID admin and patient components. A summary of NGRID
Data Center programs is mentioned in Table 1.

As shown in Fig. 7, the supervisor can reconfigure the system
parameters including retention of the stored log files as well as adding
new designers and physician login credentials to the system as briefly
mentioned in subsection IV-A.

An important part of the system is the means of offering access to

Fig. 7. The flowchart diagram of the proposed NGRID software platform.

Table 1
A summary of programs developed in the Software platform.

Name of Program Language Input/Process/Output

NGRID Test App C++ and C# Consumes stored tests patterns and produces raw test results in NGRID datacenter.
NGRID Database SQL and NoSQL A highly available database within NGRID datacenter that keeps all test data, credentials, and test

results.
NGRID SVG Editor HTML5, CSS3 and JavaScript Facilitates creating various SVGs that compose patterns used in NGRID Tests. The outputs are store in

NGRID database
NGRID Admin Scala, Java, HTML5/CSS3 and JavaScript This website allows for physicians and admins to login and produces and control various NGRID Tests.
NGRID Heatmap Generator R, C#, C++, OpenCV, HTML5, CSS3 and

JavaScript
Consumes raw test results and after various rasterization and image processing, produces heatmap
results for a test that a patient has completed.
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patients or eye-care professionals by which to design a trial or to run a
test. A trial is designed by entering the patient's information and setting
a specific VD test. A patient can be allocated to different trials with
different ID numbers. The trials are saved in the database of the NGRID
data center. Once the trial is designed and the test is set to a particular
patient, the patient can ‘run the test’. In this test, a series of frames are
displayed, and the patient's responses are collected, compressed, and
saved in the data center. The VD test result can be displayed in the form
of a heatmap using the data saved in the data center. In this platform,
several programs were developed using different programming tech-
niques. A summary of these programs is shown in Table 1, and details
are discussed in following subsections IV-D, IV-E, and IV-F.

4.3. VD test editor design and integration with data center

Scalable Vector Graphics (SVG) [23] is used to create complex
graphical patterns. SVG is a royalty-free and widely used standard that

is supported by many web browsers, including those used in mobile
phones and tablets. This allows the custom made NGRID SVG patterns
to be displayable in commodity hardware without the need to pay
royalty fees. This is an important factor in developing low-cost software
for home diagnostics purposes. Furthermore, SVG is completely in-
dependent of the resolution of the underlying rendering device which
allows for VD tests to be easily scaled for any screen sizes, pixel den-
sities or different Head Mounted Displays (HMD) that can be afforded
by hospitals and doctors' offices. As an example, a simple SVG program
(see SVG Program 1) is shown below for drawing a dashed line or so-
called line001 from Cartesian coordinates (x1 = 100, y1 = 100) to
(x2 = 400, y2 = 200) in canvas with width and height of 500 pixels at a
scale of 1.0 without any magnification.

Since SVGs are based on the Extensible Markup Language (XML),
the arrangements of each pattern can be programmatically scripted and
changed via the manipulation of the SVG Document Object Model
(DOM) [24]. DOM manipulation provides a very powerful feature to
NGRID that allows sophisticated graphical shapes to be designed, ani-
mated and scripted mathematically. NGRID creates extended APIs that
allow easy manipulation of SVG DOM. This allows NGRID to create
shapes that are purely stated in terms of mathematical expressions.
NGRID DOM manipulation also allows for the creation of sophisticated
VD graphic tests via a program that generates and controls various SVG
shapes and their attributes (e.g., location, scale and various style actors

such as colour, thickness, and transparency). This means that mathe-
matical expressions and the shapes of the patterns they described can be
further modified through the NGRID API. A sample NGRID custom API
for DOM manipulation is shown below (see SVG Program 2) to change
line001 coordinates from (x1 = 0, y1 = 0) to new (x1 = 50, y1 = 50) as
well as the colour of the line from black to red. As seen in the above
program, once the first part of the code is executed, it results in the
transformation of the original SVG. Indeed, SVGs can be created simply
by writing text files that conform to the SVG standard. Since SVG
creation can be time-consuming and prone to human coding errors,
NGRID has addressed this issue by providing an enhanced customized
online SVG Editor that allows ways to create and modify the pattern of
each frame in a fully graphical way without the need to write SVG code
as seen in Fig. 8. This will ease the process of pattern generation for
NGRID VD tests. The NGRID SVG Editor is a web-based system that
allows for easy and rapid creation as well as a means for saving the tests
online in the NGRID data center.

As mentioned in Table 1, the NGRID Test Application renders the
patterns for the patient to do the VD tests. NGRID uses an embedded
web browser in headless mode. This allows the same tests to be
seamlessly used in any commodity hardware as-is and without any
modification. SVG patterns are embedded inside the HTML5 canvas,
which is controlled using the static test JavaScript APIs. These APIs
allow for manipulation of the test graphics (i.e., showing the next
pattern upon receiving the patient's answer) and automatically up-
loading the test results, answers and UI related events back to the
NGRID database in the data center.

The NGRID Editor can be used to create a series of frames, to create
or modify a VD test, and to save it in the NGRID library. Fig. 8, shows
the NGRID customized SVG Editor, which allows NGRID designers to

easily create various graphics for a frame or add additional frames to a
test. Once the design process is done, by pressing the save button, all
the frames will be stored in the NGRID database for later use. It is
noteworthy to mention that SVG editing can be very complex as the
graphics are expressed in mathematical vector notation. As aforemen-
tioned, the NGRID SVG Editor simplifies the SVG editing task by in-
troducing very simplified features similar to Microsoft Paint.

4.4. Speech recognition and data collection during a VD test

Voice recognition is carried out via the NGRID voice recognition
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engine which communicates the recognized voice phrases back to the vi-
sual distortion test through a secure web socket. Also, this engine logs in
the detected words and/or commands. This communication between the
sensory system and data collection is performed at a high-level. The
NGRID speech recognition is first configured by setting up the local cul-
ture, the lexicon of detectable grammar words, amount of noise/silence
required after each spoken word (here 200 m s) along with links to already
established secure web-socket and database connections. Once the NGRID
speech engine detects a word and/or command, it will store the results in a
temporarily NoSQL DB Speech Log Table and also notify the client's VD
test code, via a web-socket, about the recognized word. The client code
will later act based on the state of the test and the recognized speech.

Each test has a specific lexicon that is accepted by the NGRID speech
recognition engine via a file called ngrid. speech. The content of ngrid.
speech can be modified by test designers. In this work, we used the fol-
lowing words ‘Yes’, ‘No’, ‘Bad’, ‘Brighter’, ‘Darker’, ‘Finish’, ‘Good’, ‘Next’,
‘Pause’, ‘Previous’, ‘Stop’, ‘Thicker’, ‘Thinner’ and ‘Wait’ to control various
aspects of our NGRID VD tests. Using only one-word voice commands that
we predefined in our lexicon (in contrast to complex natural language
processing), allowed us to achieve faster and more accurate speech re-
cognition. The program snippet below (see SVG Program 3) provides a
high-level instantiation of the NGRID's speech engine.

4.5. NGRID administrative user interface

NGRID Admin is a series of online admin user interfaces (UIs) which
were designed for patient data entry and test control purposes. The
general admin UI was designed for adding patients’ information, and
the control admin UI was designed for controlling the VD tests. The
NGRID admin interfaces are written in Scala in order to benefit from the
load balancing done at the hardware level to serve many concurrent
connections, thus allowing it to serve many hospitals and patients. It
also uses a caching layer to save the most frequently used queries or VD
tests to enhance further the speed of serving patients and medical
practitioners.

General Admin: To perform a VD test for a patient, first, the patient
should be added to the system. Fig. 9 shows the process of adding a
patient to the system. Importantly, the system does not retain any
Electronic Health Records (EHR) of the patients. NGRID can provide a
cross-reference ID to correlate patient test results to the hospital EHR.
This approach assures one-way access of the EHR record to be initiated
by the hospital's authorized personnel and further guarantees that any
patient information is used or saved in the NGRID database. If sufficient
authorization and consent are provided by both hospitals and patients
(mainly for the patient's first name, last name, age, and gender), NGRID

Fig. 8. NGRID Editor is a customized online SVG Editor for easy creation of VD test patterns. (1) Identifies the general editing buttons that allow for SVG pattern
creation and modification (2) identifies the customized buttons that allow the automatic retrieval of the patterns from the NGRID data center. This allows for test data
to be automatically mounted in the editor for editing purposes (3 and 4) are more detailed SVG editing tools that further allows the editor to rotate, group in layers or
even change the style of the SVG patterns (5 and 6) are tools that are used to introduce various colours and opacities. (7 and 8) are sample VD patterns that are used
to create the VD test frame.
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can also retain this limited information. Once the patients are added to
the system and the desired tests are created, an ID is generated and used
instead of the actual personal information of the patient. The ID is
unique and helps to keep the patient anonymous and also hides the
associated clinical test details.

NGRID technical admin staff (or SVG VD test designer, see Fig. 8)
also have direct access to the Test SVG Database Admin Interface
(Fig. 9(1)) that allows them to perform various low-level DB Table ar-
chival and backups for the database. Fig. 9(2)-9 (7) show the NGRID
General Admin interface (intended to be used by medical staff tasked
with creating trials, adding patients to the system and assigning them to
the trials). Fig. 10 shows the NGRID Control Test Admin interface (in-
tended to be used by technical staff who implement the tests and run
various low-level tasks and queries against the VD Test SVG tables).

Control Test Admin: This interface provides an easy way of manip-
ulation and low-level manual configuration editing of SVGs for a VD
test (see Fig. 10). The creation and modification of tests are mainly
targeted for use by NGRID technical staff that are supervised by a
participating doctor's office to create different VD test styles as per the
request of the medical practitioner and ophthalmologists. Fig. 10,
shows the Control Test Admin interface that allows for adding new staff
to the system as well as creating and customizing new NGRID VD Tests.
It is noteworthy that patients can benefit from NGRID with a preset of
built-in tests as well as more specialized customized tests are created
based on the ophthalmologists' instructions. New tests can be added and
edited via the online SVG Editor, as explained in subsection IV-C.

4.6. NGRID heatmap

As mentioned in Table 1, the NGRID Heatmap Generator program is
developed to create a diagram with quantitative measures of the da-
maged VD area. It aims to both visually and quantitively measure the
damaged area in the retina. As aforementioned, NGRID VD tests show a

series of graphical patterns to the patients and collect their answers.
The answers are post-processed in the NGRID datacenter that later is
used by the NGRID Heatmap Generator program to render a visualized
heatmap along with the Heat-index score. The NGRID heatmap gen-
erator program finds the location of the scotoma and metamorphopsia
by going through patients answers frame-by-frame to create Perfect-
Matrix (PM) and HeatMatrix (HM). PM uses rasterized graphics from
SVGs by considering the display resolution and pixel density at which
the test is performed. HM will be similar while it distinguishes the
frames that are seen as ‘Bad’ or ‘1s’ (e.g., due to the presence of me-
tamorphopsia or scotoma). The HeatMap Matrix (HMM) is calculated
by using HMM = PM – HM. This matrix provides the location of VDs
along with the severity of the VDs at each location. Let us assume, F(i) is
a matrix representing a frame from a series of N frames that are se-
quentially projected on the retina where 0 < i < N+1 and F(i) is an
m×m matrix that represents an m×m image. N and m are natural
numbers. In the following example, N = 16 and m = 5, however in the
actual VD tests, m and N can be much higher (e.g., m = 800 pixels and
N = 167). In this example, the sixteen frames were defined with dif-
ferent patterns as seen in Fig. 11.

Each frame can be represented with one of the following matrices F
(1)–F (16).

=

=

F F

F F

(1)

1 1 1 1 1
0 0 0 0 0
0
0
0

0
0
0

0 0 0
0 0 0
0 0 0

, (2)

0 0 0 0 1
0 0 0 0 1
0
0
0

0
0
0

0 0 1
0 0 1
0 0 1

, (3)

0 0 0 0 0
0 0 0 0 0
0
0
1

0
0
1

0 0 0
0 0 0
1 1 1

, (4)

1 0 0 0 0
1 0 0 0 0
1
1
1

0
0
0

0 0 0
0 0 0
0 0 0

,

Fig. 9. (1) Specialized Database Admin Portal that allows for low-level archival and backup tasks to be done on the NGRID DB as well as an optimization on DB
indices. (2) is the overview of the NGRID Admin interface that allows adding patients and assigning them to trials. (3,4) refer to how patients are added to the system.
(5,6) refer to how a new trial is added to the system. (7) is used for how patients are assigned to trials.
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= =

= =

F F F

F

(5)

0 0 0 0 0
0 1 1 1 0
0
0
0

1
1
0

1 1 0
1 1 0
0 0 0

, (6)

0 0 0 0 0
1 1 1 1 1
0
0
0

0
0
0

0 0 0
0 0 0
0 0 0

, (7)

0 0 0 0 0
0 0 0 0 0
1
0
0

1
0
0

1 1 1
0 0 0
0 0 0

, (8)

0 0 0 0 0
0 0 0 0 0
0
1
0

0
1
0

0 0 0
1 1 1
0 0 0

,

= =

= =

F F F

F

(9)

0 1 0 0 0
0 1 0 0 0
0
0
0

1
1
1

0 0 0
0 0 0
0 0 0

, (10)

0 0 1 0 0
0 0 1 0 0
0
0
0

0
0
0

1 0 0
1 0 0
1 0 0

, (11)

0 0 0 1 0
0 0 0 1 0
0
0
0

0
0
0

0 1 0
0 1 0
0 1 0

, (12)

0 0 0 0 1
0 0 0 1 0
0
0
1

0
1
0

1 0 0
0 0 0
0 0 0

,

= =

= =

F F F

F

(13)

1 0 0 0 0
0 1 0 0 0
0
0
0

0
0
0

1 0 0
0 1 0
0 0 1

, (14)

1 1 1 1 1
1 1 1 1 1
0
0
0

0
0
0

0 0 0
0 0 0
0 0 0

, (15)

0 0 0 0 0
1 1 0 1 1
1
1
1

1
1
1

0 1 1
0 1 1
0 1 1

, (16)

1 1 0 1 1
1 1 0 1 1
1
1
1

1
1
1

0 1 1
0 1 1
0 1 1

Let us assume that the answer of a patient to each frame F(i) can be
represented with AN(i) where 0 < i < 17. More precisely A(i) = 0
when the answer is ‘good’ and AN(i) = 1 when the answer is ‘bad.’ In
this example, the AN matrix is equal to [0 0 1 0 1 0 1 1 0 1 0 1 1 0 0 0].

The combination of all frames results in a PM that can be obtained
from the following equation. For our sample frames (F (1)–F (16)) the
value of PM is shown in Equation (2).

=
=

=

PM F i( )
i

i

1

16

(1)

Fig. 10. Control Test Admin UI: (1) the overall online interface that allows staff and admins to be added to the system as well as creating and editing new NGRID VD
Tests. (2,3,4,5) allows for adding new staff (medical practitioner) and admins (NGRID test designers and technical staff) to the system where only names, the email
address is required. (6) shows the existing library of VD tests in the system. (7,8) the medical practitioner can administer the test once the VD test is designed and
stored in NGRID library by adding a new test with customized settings. (9,10) A test needs a name, series of settings such as duration of a test and for advance
animated test associated scripts, low-level modification to SVG codes associated with a test. This is where the NGRID SVG Editor is launched, as shown in Fig. 8.
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=PM

5. 4. 3. 4. 5.
5. 7. 4. 7. 5.
4.
5.
5.

5.
6.
4.

5. 5. 1.
3. 6. 4.
2. 4. 5. (2)

The PM matrix is also used as the initial value of the heat matrix
(HM). We now start sifting through the patient's answers. In this ex-
ample, for frame 0 < i < 17, if AN(i) is ‘good’, then equation (3) is
obtained and if AN(i) is ‘bad’, then equation (4) will be obtained.

HM = HM + F(i) (3)

HM = HM - k * F(i) (4)

where k = 2 is used in this experiment. Therefore, the obtained HM is
as follows

=HM

7. 8. 3. 0. 7.
10. 8. 2. 8. 10.
5.
5.
4.

4.
3.
5.

5. 4. 5.
3. 3. 5.
2. 5. 4. (5)

By differentiating PM and HM, HMM (HMM = PM – HM) is ob-
tained as follows

=HMM

2. 4. 0. 4. 2.
5. 1. 2. 1. 5.
1. 1. 10. 1. 1.
1. 3. 6. 3. 1.

1. 1. 4. 1. 1. (6)

All values lower than the mean values of = =
=

=
=HMM i

i
j
j HMM i j

1
5

1
5 ( , )

25
, which is zero in this example, will be ignored. Thus, the new HMM is
obtained as follows

Fig. 11. An example of 16 frames in a simplified demonstration of the heatmap algorithm.
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=HMM

0 0 0 0 0

0 0 2 0 0

0 1 10 1 0

0 3 6 3 0
1 0 4 0 1 (7)

It is noteworthy that in equation (4), instead of -2F(i), -kF(i) can be
used where k > 2. By increasing k, the heatmap can better distinguish
the locations with VDs from the rest of the visual field. The z-score of
the HMM values are obtained as seen below using the z = (X - μ)/σ
relationship, where z is the z-score, X is the value of the element, μ is
the population mean, and σ is the standard deviation (SD). This can
further differentiate values according to SD lower than μ. It is note-
worthy that, using the Z-score and other functions below, the pixels
involved in the VD area are differentiated from other pixels. This pro-
cess will result in increasing the visibility of the NGRID heatmap even if
the frames processed are minimal (in real VD tests a much higher
number of frames are displayed).

=HMM

0.5467091 0.5467091 0.5467091 0.5467091
0.5467091

0.5467091 0.5467091 0.30752387 0.5467091
0.5467091

0.5467091 0.11959261 3.72445571 0.11959261
0.5467091

0.5467091 0.73464035 2.01598979 0.73464035
0.5467091

0.11959261 0.5467091 1.16175683 0.5467091
0.11959261

Z

(8)

By clamping on the heatmap z-score values higher than 75% of SD,
the following matrix clamped Z-score HMMZC may be obtained.

=HMM

0 0 0.00 0 0
0 0 0.00 0 0
0
0
0

0
0
0

3.72 0 0
2.01 0 0
1.16 0 0

ZC

(9)

For the selection of this threshold, a simple experimental process
has been employed. Using the same NGRID test results as introduced
above, we observe heatmaps with different thresholds. The lower the
threshold, the larger the number of VDs, likely with less accuracy, that
can be observed in the visual field. This matrix can be converted to a
heatmap pattern, as seen in the heatmap (Fig. 12b). The heatmap figure
indicates the visual field with visual distortion. As aforementioned, in
each pixel, a circle with a certain opacity is drawn. The opacity (OP)
and radius (RA) matrices are obtained as discussed below.

OP = 100*HMMZC/Max (HMMZC) where each member of OP is
between 0 and 100 and “Max” is a function that finds the maximum
value in the matrix. The lower the value in the OP, the higher the
transparency will be at the heatmap circle drawn at that location. The
colour of each circle in each pixel is obtained from the following matrix.

=OP

0 0 0.00 0 0
0 0 0.00 0 0
0
0
0

0
0
0

100 0 0
54.1 0 0
31.2 0 0 (10)

Similarly, the radius matrix (RA) is obtained so that
RA = k*HMMZC/Max (HMMZC) where each member of RA is between 0
to k (k is defined in each VD test and can be set from 1 to 20 depending
on the sparse area of the combined collapsed frames). It is noteworthy
that k tries to factor in the area that no graphical coverage is done in the
VD test. Herein we select k = 1. The lower the value in RA, the smaller
than the radius of the circle will be. The radius of the corresponding
heat location will be:

=RA

0 0 0.00 0 0
0 0 0.00 0 0
0
0
0

0
0
0

1 0 0
0.54 0 0
0.31 0 0 (11)

It is also noteworthy that the values in the RA matrix cannot be
directly rendered in the heatmap graphical canvas without scaling up
the values according to the canvas resolution. The following RA matrix
demonstrates the values of RA rounded-up to the nearest integer:

Fig. 12. An example of creating heatmap: (a) two overlapped features and (b) single, larger feature covering the second part.
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=RA

0 0 0 0 0
0 0 0 0 0
0
0
0

0
0
0

1 0 0
0 0 0
0 0 0

r

(12)

This matrix is called a rounded radius matrix (RAr) as shown in
Fig. 12a. In this approach, it is crucial to scale up the RA values based
on the size of the drawing heatmap canvas. As demonstrated in
Fig. 12b, the drawing heatmap canvas has a higher resolution with
three heatmap circles.

RA and OP matrices define the radius and opacity of each heatmap
circle. For instance, considering the above RA matrix, for RA(3,4) = 0.54
to be drawn in a heatmap canvas of size 400 × 400 pixels, will result in
a scaled-up factor of 80 (e.g., 5 × 5 to 400 × 400). This means values
for drawing a circle at pixel location (3,4) are mapped to (240, 320)
with a radius of 43 pixels (location of 3 × 80 = 240 and
four × 80 = 320 as well as a radius size of 0.54 × 80 = 43.2 pixels
which rounded to 43 pixels).

As seen in Fig. 12b, the heatmap area is highlighted and shows
where the patient experiences VD. The percentage of the VD area in the
visual field (η) and the center of this area (χ) can be calculated as
follows. To obtain η, a program was developed to count the total
number of pixels under the heatmap area. In this example (Fig. 12b), η
is calculated to be 11.25%.

To calculate the coordinates of χ, for each pixel in the heatmap
area, RAij and OPij represent the opacity and relative radius in i and j
Cartesian coordinates. By knowing that OP22 is 100% in (2, 2), using
the following equations (13) and (14), the center of the heatmap area
will be obtained (and scaled up in the drawing heat canvas accordingly)
as follows.

xχ = Av(i * OPij) (13)

yχ = Av(j * OPij) (14)

where Av () represents a function that obtains the mean value of i and j
for all available non-zero OPij. In this example, by substituting, (2, 2)
and the related opacity in the above equations, χ will be equal to (2, 2)
that will be scaled up to pixel coordinates of (160,160) in the drawing
canvas size of 400 × 400 pixels. It is noteworthy that we can use a
larger drawing canvas in order to show heatmap with higher accuracy
for medical purposes. Here we demonstrate a scale-up factor of 80 (e.g.,
400 × 400 pixels from 5 × 5 pixels) while in our real VD tests we start
with a minimum of 800 × 800 as well as 1200 × 1200. It is noteworthy
that we can further improve the accuracy of the estimated center of
damage and other geometries shown in the heatmap using floating-
point instead of integer numbers.

In the next section, we discuss the results and present the heatmap
of VDs that are generated using the outlined NGRID Heatmap Generator
program.

5. Results

In this section, we demonstrate and discuss the experimental results
using healthy and non-healthy human participants.

5.1. NGRID test on healthy participant

As shown in Fig. 13, three different VD tests (VDT1, VDT2, and
VDT3) from the NGRID default library were selected. Three different
control input devices (keyboard, joystick, and speech recognition) for

Fig. 13. Illustration of (a) VDT1, (b) VDT2 and (c) VDT3 including all frames collapsed in a single frame to better illustrate the entire test coverage; (d) four frames F
(1)–F (4) of VDT1 test.
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each test were also selected. Twenty healthy participants (12 females,
eight males) with healthy corrected vision were recruited from the local
university to test the NGRID platform. The mean age was 23.8 years
(SD = 6.1). The healthy participants were selected to identify inherited
systematic errors and any accuracy issues of the platform. Each parti-
cipant was trained for 10 min and instructed to each VD test with all the
control input devices using counterbalance of above tests and devices (3
VD Tests × 3 Input Devices). The apparatus was the same as that shown
in Fig. 5. A chin rest was used to assure that the participants could
comfortably fixate at the center of the screen.

Visual Tests' Frames: As described in section II, we used the cus-
tomized SVG Editor to create three VD tests. VDT1 is composed of a
total of 167 frames that were individually presented to the participants
in random order. Similarly, we have 50 frames for VDT2 and 123
frames for VDT3. For illustration purposes, and to better explain the
procedure, in Fig. 13, we intentionally collapsed all the frames into a
single frame for clearer visualization. Since we measured systematic
errors in the system (by having healthy participants), we deliberately
added a few distorted patterns in the tests to assure participants care-
fully go through the test without being able to predict answers
(otherwise they could say they saw all the frames as ‘Good’). As seen in
Fig. 13d, each frame of VDT1 contains a pattern which includes several
lines with different styles.

As seen in Fig. 13, the projected frames cover the entire screen,
which spans the central 20° of the field of view in both horizontal and
vertical lines (nasal projection). As seen in Fig. 13b, VDT2 is very si-
milar to VDT1, with the difference in the rotation angle (β) being 45°κ
(where κ is an integer number between 0 and 8). VDT2 also includes a
single distorted pattern similar to distorted patterns in VDT1. VDT3 is
composed of parallel lines (patterns are presented in Fig. 13c). VDT3
patterns are displayed with a random rotation angle (α) ranging from 0°
to 360°. It is noteworthy that the lack of patterns related to the edges of
the screen shown in Fig. 13b does not cause any problem for the de-
tection of a macular disorder.

VD Test Procedure: In this work, for the characterization of the
proposed NGRID platform as well as evaluating the errors and response
times, we used the VDT1 above, VDT2, and VDT3. Each participant

repeated the same three tests three times using different control devices
(e.g., keyboard, joystick, and voice recognition). For the keyboard,
participants were asked to press the ‘G’ key to indicate the absence of
VD and ‘B’ to indicate a positive response to the presence of VD.
Similarly, on the joystick, two buttons were marked as ‘G’ and ‘B’. For
voice recognition, users could simply say ‘Good’ or ‘Bad’ when they
observed distorted or non-distorted patterns. The number of frames and
the time duration of each test are shown in Table 2. The higher the

Table 2
General tests specification.

Test Duration (seconds) Number of Frames Average and Standard Deviation of Errors Average and Standard Deviation of Response Times (seconds)

VDT1 480 167 8.3% ± 4.2% 1.16 ± 0.45 s
VDT2 180 50 15.6% ± 20.7% 0.97 ± 0.48 s
VDT3 360 123 9.1% ± 5.5% 1.03 ± 0.42 s

Fig. 14. Systematic error in VD tests performed by healthy participants based
on a control device.

Fig. 15. The response time diagram related to control input devices (a)
Keyboard, (b) Joystick, and (c) Voice recognition used for performing VD tests.
The voice recognition has the longest response times whereas the keyboard and
joystick produced the shortest.
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number of frames, the longer the test duration that was dedicated. It
seems the error in VDT1 is less than others. This might be because VDT2
and VDT3 repeat similar shapes in different locations. Therefore, the
participants did not pay sufficient attention to provide answers accu-
rately; however, in VDT1 there are no two similar patterns.

Experimental Results: The VD tests were performed by all healthy
participants. Fig. 14 shows the number of wrong responses (here re-
ferred to as errors) where the patterns with straight or distorted lines
are displayed to the patients. Indeed, the patterns with distorted lines
artificially induced VDs to healthy human subjects. The correct re-
sponses should be ‘1' and ‘0’ where the patterns include or don't include
VDs, respectively. Otherwise, the response is wrong. Fig. 15 shows the
response time for VDT1, VDT2, and VDT3. The mean values of errors
and response times are shown in Table 2. It is noteworthy that in-
formation related to errors and response times were extracted from the
detailed log of captured responses during the test. The log provides
detailed recording of speech, keyboard and joystick actions as well as
the time of each event in milliseconds. Please refer to previous sections
for details of the apparatus.

As seen in Fig. 14, the errors made by each one of the twenty
healthy participants combined in all three VDT1, VDT2 and VDT3 tests
separated by the control device (joystick, keyboard, and voice) are
presented. For this purpose, we extracted and analyzed the responses
associated with each one of the control devices separately from the logs.
Speech recognition had the least number of errors as a participant could
effortlessly say what they think about a frame seen, and no pointing
task was involved. Participants made the maximum number of errors
when they used the keyboard and made the minimum number of wrong
responses when they used voice recognition. One may argue that par-
ticipants have to pay attention to press the right keys in the keyboard
and carefully fixate at the center of the display. In agreement with the
experimental results, this increases the number of systematic errors.
The joystick with less need for visual attention can be used, which is in
conformance with the presented experimental results. As expected, the
participants, while looking at the center of the display, could speak
their responses without losing their attention or fixation point. This is
why the errors made by participants when they use voice recognition
device were lower than the errors made using the other two control
input devices.

It is noteworthy that VDT2 had only one artificially induced VD
across all the frames. We noticed a high number of errors (as high as
35%) on this particular test. We also noticed that many participants
expressed frustration for missing the one artificially induced VD while

doing the test. This can be considered as a systematic error that can be
easily avoided by changing the colour or shape of the patterns to make
it less similar to other patterns. Another unlikely, but possible, the
hypothesis was that some of the participants could suffer from a minor
macular disorder. However, these participants were able to identify the
distorted pattern in VDT1 and VDT3 successfully. As aforementioned,
we think that since the patterns in VDT2 were very similar to each other
and that there was only one artificially induced VD created, coupled
with the fact that participants wanted to finish the test as fast as pos-
sible, caused this systematic error in VDT2. As per the results are shown
in Fig. 14, the voice recognition system offers higher accuracy in
comparison with the results shown in the same figure related to the
keyboard and joystick input devices. It seems the latter input devices
shift the concentration and fixation of patients from watching the dis-
play to touching the device.

As mentioned, Fig. 15a-c shows the response times for each frame
captured for twenty participants using the keyboard, joysticks and voice
recognition system, respectively. In this result, the combination of three
different VD tests performed by all twenty participants was used where
each participant is distinguished with a certain colour in the result
charts. Each participant had a fixed time to do the test and, depending
on their speed, could go through all the frames a few times. Voice re-
cognition, in comparison to the joystick and keyboard, demonstrates a
slower control device. One may argue that this depends on the speed of
the voice recognition system, therefore using a real-time digital system,
it may be possible to reduce the response time. However, we also need
to remember that speaking a simple single word like ‘Good’ or ‘Bad’ will
take more time compared to a simple binary pointing task such as
pressing a button [27]. As expected, the response time when the par-
ticipants used the keyboard or joystick was almost the same.

It is noteworthy that the response time in each frame has three
components. These components are (a) the required time that partici-
pant needs to make a decision about a frame just seen and (b) the re-
quired time that a participant needs to react and take action using the
control input device and (c) the required time that the computer needs
to process the response received from the participant. We assumed the
first component is almost the same when different control devices are
used.

5.2. NGRID test on non-healthy participant

In this sub-section, we demonstrate and discuss the functionality
and applicability of the proposed interface system for non-healthy

Fig. 16. First Macular Disorder Measurement Results of left Eye: (a)–(b) OCT vertical and horizontal OCT images and (c) NGRID heatmap results with η = 27% and
χ=(363, 388).
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participants suffering from a macular condition called Central Serous
Chorioretinopathy (CSCR or CSR) [2].

Central Serous Chorioretinopathy is an idiopathic macular condition
and usually happens in men aged between 20 and 50 (10 annual cases
in 100,000 males) [28], but is also associated with high levels of stress
and usage of inhaled steroids [28,29]. Studies show disturbing psy-
chological events and high levels of stress can trigger CSR in more than
75% of the patients [30]. Also, some studies link sleep disturbances,
hypertension, and autoimmune diseases to CSR [28,29]. For diagnosis
purposes, an eye-care professional starts examining a dilated eye and
performs optical coherence tomography (OCT) and fluorescein angio-
graphy. This may reveal localized serous detachment of the neurosen-
sory retina at the level of retinal pigment epithelium (RPE). The Amsler
Grid is used for documenting the affected areas of the visual field. Most
of the patients are expected to have a full recovery between one and six
months. In rare chronic cases, laser treatment, photodynamic therapy,
or even Ranibizumab Anti-VEGF are utilized (reduced visual acuity may
persist) [3,31]. CSR can become a recurrent problem, which makes
follow-ups necessary [3].

Optical Coherence Tomography: OCT is a non-invasive medical ima-
ging technique used to provide optical cross sections of the retina [32].
It is based on low-coherence interferometry, employing near-infrared

light. It uses light to capture micrometre-resolution, three-dimensional
images. These images are high resolution and allow changes in retinal
thickness to be seen. OCT can play an important role in evaluating
patients macular disorders [4,32].

NGRID and OCT Tests: In this sub-section, the results of the NGRID
test and corresponding OCT images are demonstrated and discussed.
We used the OCT images of a participant as the control of NGRID re-
sults. The subject is a 48-year-old male suffering from CSR. The rapid
change of his macular condition allowed us to perform the NGRID tests
on the same patient at three different times that resulted in completely
different OCT images. Therefore, we have effectively tested three dif-
ferent cases (or three different macular deformations) on both left and
right eyes separately. The subject performed the VD tests using VDT1,
VDT2, and VDT3, but without being shown any distorted patterns. The
responses for NGRID VD tests were collected, post-processed and
heatmaps were generated through the NGRID Heatmap Generator
program. Fig. 16 to Fig. 21 show the NGRID heatmaps and their cor-
responding OCT images. The experiments were performed on both eyes
separately. NGRID detected VD on each eye, which fully conforms to
OCT images. The heatmaps were generated using the NGRID Heatmap
program by using the algorithm explained in Section IV-F. Based on the
results shown in Figs. 16–21, the proposed NGRID platform can be used

Fig. 17. First Macular Disorder Measurement Results of right Eye: (a)–(b) OCT vertical and horizontal OCT images and (c) NGRID heatmap results with η = 8% and
χ=(475, 502).

Fig. 18. - Second Macular Disorder Measurement Results of left Eye: (a)–(b) OCT vertical and horizontal OCT images and (c) NGRID heatmap results with η = 24%
and χ=(360, 508).
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as an accurate method to detect and assess the progress of macular
disorders.

The subject visited the Sunnybrook Hospital Emergency Room (ER)
while observing a large yellow circle in the center of his vision. The
subject also complained about metamorphopsia upon seeing the paper-
based Amsler grid. AMD and CSR were the initial diagnoses based on
the symptoms. However, OCT images from his left eye revealed a CSR
macular condition. Fig. 16 shows the OCT images and related heatmap
result.

As per this NGRID result in Fig. 16, the VD left eye of the patient is
about 27%. The damage is almost placed in the center (363, 388) of the
visual field where the exact center of the display is located at Cartesian
coordinates x = 400 and y = 400. Fig. 16a–b (similarly for other
Figs. 16–21), show the vertical and horizontal cross section of the re-
tina. Fig. 16c (likewise for other Figs. 16–21), show the damaged area
from the top. Fig. 17, shows the OCT images along with their corre-
sponding NGRID heatmap images related to the right eye in the first
visit. As seen in this figure, η = 8% and χ=(475, 502). Based on this
result, the right eye also shows the CSR condition. However, the patient
did not complain because the effect of CSR was negligible in his vision.
Fig. 18 and Fig. 19 show the OCT and heatmap NGRID results related to
left and right eyes, respectively, after a couple of weeks. As seen in

these results, η has been decreased in both eyes. This shows that the
CSR was reduced. However, in the third visit, the CSR in the left eye
had not been decreased (approximately with the same η). In Fig. 20 and
Fig. 21, both OCT and NGRID images show that the effect of CSR in the
left and right eyes have been decreased respectively. It is noteworthy
that the location of the CSR disorder in the retina can move from one
spot to another. This is because the leading cause of CSR is the influence
of fluid under the basement of the retina. This fluid can move over time
due to eye movement and other activities. Based on the experimental
results shown in Figs. 16–21, the NGRID heatmap's results are accu-
rately in agreement with OCT results. The VD tests can be rapidly
performed, and the heatmap results can be used to assess the progress of
the macular disorder quantitatively.

6. Conclusion

In this paper, we proposed a novel platform for detecting and
monitoring of visual distortion (VD) in macular disorders. In our pro-
posed system, the test data is collected securely from many hospitals as
well as individual patients across the world from the comfort of their
homes. In this work, we developed the required hardware and software
for generating the graphical patterns, displaying the patterns, collecting

Fig. 20. - Third Macular Disorder Measurement Results of left Eye: (a)–(b) OCT vertical and horizontal OCT images and (c) NGRID heatmap results with η = 24% and
χ=(360, 508).

Fig. 19. Second Macular Disorder Measurement Results of right Eye: (a)–(b) OCT vertical and horizontal OCT images and (c) NGRID heatmap results with η = 2%
and χ=(498, 533).
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the patients’ responses, and creating the associated heatmaps. A visual
heatmap of VDs with quantitative measures can provide better in-
dicators compared to traditional VD tests, such as the Amsler chart or
other related computerized methods, for eye-care physicians. The
NGRID implementation and preliminary measurements and results
using healthy participants were also reported to provide an early as-
sessment of systematic errors. The system was also successfully tested
and verified on healthy and unhealthy patients. This research is in the
process of obtaining the required approval from the Research Ethical
Board (REB) in Sunnybrook Hospital, Toronto, Canada, for running a
clinical trial on a large number of patients. Therefore, as the con-
tinuation of this work, we will test the functionality of the proposed
platform for other macular disorders in the future. Furthermore, for
achieving the first step in our long-term objective, in the present effort,
we have paved the way towards the developments of a novel data
platform dedicated to macular disorders by designing and im-
plementing the required software and hardware.
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