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Recent advances in head-mounted displays (HMDs) present an opportunity to design vision enhancement
systems for people with low vision, whose vision cannot be corrected with glasses or contact lenses. We aim
to understand whether and how HMDs can aid low vision people in their daily lives. We designed ForeSee, an
HMD prototype that enhances people’s view of the world with image processing techniques such as magnifi-
cation and edge enhancement. We evaluated these vision enhancements with 20 low vision participants who
performed four viewing tasks: image recognition and reading tasks from near- and far-distance. We found
that participants needed to combine and adjust the enhancements to comfortably complete the viewing tasks.
We then designed two input modes to enable fast and easy customization: speech commands and smartwatch-
based gestures. While speech commands are commonly used for eyes-free input, our novel set of onscreen
gestures on a smartwatch can be used in scenarios where speech is not appropriate or desired. We evaluated
both input modes with 11 low vision participants and found that both modes effectively enabled low vision
users to customize their visual experience on the HMD. We distill design insights for HMD applications for
low vision and spur new research directions.
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1 INTRODUCTION

Low vision is a visual impairment that falls short of blindness but cannot be corrected with glasses
or contact lenses. According to the Center for Disease Control and Prevention (CDC), there are
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Fig. 1. ForeSee: (a) A low vision person uses ForeSee to check the time. (b) The user sees the enhanced watch
surface with a combination of the Magnification, Contrast, and Edge Enhancements in Window Display
Mode.

roughly 19 million people in the United States who have difficulty seeing when performing daily
activities, even with corrective contact lenses or glasses [1]. Meanwhile, the National Federation
of the Blind reports that there are only about 1.3 million legally blind people in the U.S. [66]. This
means that there are millions of people who have functional vision and could leverage their vision
for performing daily activities more efficiently and comfortably [92]. There has been a wealth of
research on people with vision disabilities in the technology and disability community, yet rarely
does this research focus on vision enhancement innovations and address low vision people’s spe-
cific needs. Research on vision disabilities has largely focused on audio or vibrotactile interaction
[22, 48, 115], overlooking the fact that the vast majority of people with vision disabilities have
functional vision.

We seek to seize an opportunity to enhance the vision of people with low vision using head-
mounted display systems, an emerging mainstream technology. In the past few years, a variety
of companies have developed head-mounted display (HMD) systems for augmented reality [25,
34, 65] and virtual reality [71, 86] applications. Some HMDs provide an always-available display
[34, 93]. These systems often include embedded cameras and other sensors so they can capture
information from the users and their surroundings while presenting altered or enhanced visual
information on their displays. HMD systems have received attention from the press [114], con-
sumers, industry, and researchers and will likely continue to develop and become widely adopted.
As with mass-market technology, they will be relatively affordable and available to consumers,
unlike specialized assistive technology [49, 82, 84]. HMDs could therefore become effective, ver-
satile, and practical vision enhancement platforms, which low vision people would likely accept
as accessibility tools in their daily lives.

To explore the potential of HMD systems for people with low vision, we explore two high-level
research questions in this article focusing on output and input:

RQ1. Output: How do different visual enhancements on an HMD affect low vision people’s
visual experiences?

RQ2. Input: What interaction techniques enable people with low vision to interact with an HMD
system effectively?

To answer these questions, we developed ForeSee (Figure 1), a prototype video see-through aug-
mented reality platform that has five visual enhancement methods and two display modes based on
conventional low vision tools [119]. ForeSee’s five enhancement methods include Magnification,
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Contrast, Edge Enhancement, Black/White Reversal, and Text Extraction; and its two display
modes include Full Display Mode and Window Display Mode, which apply the enhancements
to the full field of view or only to a region within the view, respectively. The user can customize
her experience with ForeSee according to their vision and a given environment or task by selecting
combinations of enhancement methods in either display mode and adjusting their parameters.

To answer our first research question, we conducted an extensive user study with 20 participants
with a variety of visual abilities to evaluate the different enhancement methods and display modes
in ForeSee (some results were presented in Reference [119]). Participants used ForeSee to complete
four visual tasks: (1) recognizing celebrities in handheld photos, (2) reading a page of printed text,
(3) describing traffic signs, and (4) describing signs of numbers and writings that were hung at eye-
level at a distance of about three meters. Participants tried all enhancement methods and display
modes in each task and described their visual experience, in terms of what they saw and how they
felt. We discuss the benefits and weaknesses of each enhancement method and display mode, as
well as how participants with different visual conditions customized their visual experiences.

To answer our second research question, we designed two sets of interaction techniques to
allow users to interact with ForeSee. In particular, these interaction techniques enabled users to
customize the enhancement methods. We first designed a set of speech commands, a commonly
used eyes-free input method that requires only a microphone. We also sought an alternative that
can be used in a more private and discreet way. As such, we designed gesture-based techniques
on a smartwatch. Smartwatches are mainstream devices that are relatively inexpensive and easy
to obtain, so that they can serve as “always available” [67] input devices if connected to an HMD
(via BlueTooth, for example).

We followed a user-centered design process [20] to design the smartwatch gestures. To our
knowledge, no prior work has explored touchscreen-based interactions on a smartwatch for low
vision people to interact with HMDs. We iteratively refined the design of the gestures with 8 low
vision users. We evaluated both the speech and the smartwatch input modalities in a letter-reading
task and found that participants accurately read small letters (1-3 inches in height) on a large
display at a 10-foot distance with a mean time of 12.23 seconds using the smartwatch interactions,
and 9.06 seconds using speech input. Our study demonstrated that touchscreen-based smartwatch
interaction is a promising input method, which enables low vision people to interact with HMDs
quickly and easily in daily tasks with a short learning curve.

In summary, this article has two contributions:

(1) An extensive evaluation of ForeSee, which sheds light on the effectiveness of different
enhancement methods and display modes in an HMD setting, and their impact on peo-
ple with different visual abilities performing different viewing tasks for near and distant
targets.

(2) The design and evaluation of smartwatch-based interaction techniques that allow low
vision users to adjust the enhancement methods in ForeSee. More generally, they are the
first set of HMD interaction techniques that are private, accessible, and do not require
specialized hardware.

We note that this article is an expanded version of a conference paper published at ASSETS
2015 [119]. In the original paper, we presented ForeSee and described our study of low vision
people’s experience with different enhancement methods (RQ1). However, we only presented two
of the four tasks we present here. In the current article, we present additional findings from the
two reading tasks and findings from another two tasks that involved image recognition (near- and
far-distance). Our work on interaction techniques (RQ2) is new and published here for the first time.
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2 BACKGROUND AND RELATED WORK
2.1 Whatis Low Vision?

Low vision has different definitions. Some organizations use visual acuity, a measure of the sharp-
ness of vision, to define low vision. For example, the World Health Organization (WHO) defines
low vision as a visual impairment where visual acuity is less than 20/60 in the better eye with
best correction [112]. In layman’s terms, this means that if a person with typical vision can read
a sign from 60 feet away, a person with low vision needs to be 20 feet away to read that sign.
The term “best correction” simply refers to one’s visual ability with glasses or contact lenses. The
International Classification of Disease, Clinical Modification (ICD-10-CM) coding system uses the
same visual acuity threshold for low vision [45]. Medicare carriers also regard this as the eligibility
criterion for the coverage of low vision services [68]. Meanwhile, different visual acuity thresholds
are used by other organizations to define low vision, such as 20/40 based on the ability to obtain
an unrestricted driver’s license [105], and 20/70, which is used by Medicare to establish medical
necessity for low vision rehabilitation [88].

While many low vision definitions are based on visual acuity, Massof and Lidoff believe that
low vision must be defined in terms of function but not quantitative test results, incorporating
aspects of visual function that cannot be captured by the measures of visual acuity such as contrast
sensitivity, glare, and visual field loss [60]. They defined low vision as “uncorrectable vision loss
that interferes with daily activities.” Similarly, in Foundations of Low Vision, Corn and Erin defined
a person with low vision as “a person who has measurable vision but has difficulty accomplishing
or cannot accomplish visual tasks, even with prescribed corrective lenses, but who can enhance
his or her ability to accomplish these tasks with the use of compensatory visual strategies, low
vision devices, and environmental modifications” [21]. This definition better reflects the impact of
visual impairments on people’s daily lives and emphasizes the way in which low vision people use
their vision in visual tasks. In this article, we followed this functional definition of low vision from
Corn and Erin, because our research focuses on qualitatively understanding low vision people’s
visual experiences with and without vision enhancement technology.

2.2 Conventional Low Vision Enhancement Methods and Devices

People with low vision use a variety of optical and digital tools to access information in the physi-
cal world. For seeing nearby objects or text, typical low vision aids include handheld optical mag-
nifiers, handheld or head-mounted telemicroscopes, and reading glasses (ultra-high prescription
glasses) [59, 90]. For seeing objects at a distance, people can use handheld monocular telescopes
or Bioptic telescopes that are mounted on a pair of glasses [43]. People with low vision also use
portable (or handheld) or stationary Closed Circuit Televisions (CCTVs) [56, 81, 113] that magnify
a video feed captured by a camera onto a digital display. Like most assistive technology, CCTVs
are expensive, ranging from about $600 for a handheld device to several thousands of dollars for
a stationary device.

In addition to low vision aids, people with low vision often adjust their surroundings to improve
access to information. Optometrists and low organizations [109] recommend adjusting the light
indoors (some magnifiers include built-in lights as well), and move closer to objects to improve
visibility [21]. For printed materials, they recommend using bold large high-contrasting fonts and
dark pens for writing [3, 21]. Some people may also use nonvisual materials, such as audiobooks
or text-to-speech, especially for extended reading tasks, which may be more efficient and avoid
eye fatigue [90].

For accessing digital information, software applications create similar effects to the tools
described above. Many mainstream platforms such as Mac OS and Windows include built-in
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magnifier, text-to-speech applications, and adjustable contrast and color settings [30]. There are
also standalone software applications such as Magic [58] and ZoomText [94] that provide the
same basic functionality as built-in applications but with additional customization options. The
i0S and Android mobile platforms also offer similar built-in accessibility tools [33, 41]. To our
knowledge, no recent published research quantified the prevalence or anecdotal use patterns of
these technologies.

2.3 Low Vision Accessibility Research

Even though the vast majority of people with visual impairments have functional vision, very
little research has (1) studied the challenges low vision people face and (2) produced innovative
vision enhancement tools. Jacko and Sears [46] advocated in 1998 for the importance of research on
designing systems for low vision people, emphasizing the lack of innovation in the area. However,
today’s common low vision tools such as CCTVs, optical and screen (software) magnifiers remain
largely the same as they were 17 years ago. In this section, we highlight accessibility research that
specifically targeted users with functional vision, as opposed to the vast array of research that
explores eyes-free technology.

A few studies have shed some light on the challenges that low vision people experience in
daily activities. Cimarolli et al. [13] conducted in-person interviews with 364 older adults with
significant vision loss due to age-related macular degeneration to discover what challenges they
face in reading and outdoor mobility in functional, social, and psychological domains. They in-
terviewed each participant three times during the 2-year period and found that the vision-related
challenges may change overtime: functional challenges increased, social challenges remained rel-
atively stable, while psychological challenges decreased. Cimarolli et al. further investigated the
social challenges of working age people [12, 14-17] and found that overprotecting and underes-
timating people’s abilities caused stress and increased their disability. Recently, Szpiro et al. [99]
conducted contextual inquiry with 11 low vision participants in wayfinding and grocery-shopping
tasks to understand their challenges and strategies in this process. They found that low vision peo-
ple struggled but still preferred using their vision during navigation. Meanwhile, shopping was
overwhelming with many challenges for low vision participants, since there was little to no tech-
nology they can use for indoor navigation and product search. Zhao et al. [118] observed 14 low
vision participants navigating environments with surface level changes (e.g., stairs, street curbs).
They revealed the distinct needs of low vision people from blind people in such tasks, emphasizing
the lack of navigation tools that facilitate safe navigation for people with low vision.

Some researchers focused on the challenges that low vision people face when using technolo-
gies. In 2009, Kane et al. [49] conducted a diary study with people with vision and motor im-
pairments, four of whom had low vision, to discover patterns and challenges of technology used
on-the-go. They found that low vision participants faced challenges using mobile devices result-
ing from different environmental conditions, health and ability changes, and device maintenance,
and revealed the strategies adopted such as holding the devices in unconventional ways and us-
ing other devices such as handheld magnifiers to access their mobile devices in everyday tasks.
Theofanos et al. [103] conducted a user study with participants with different vision problems
who use software to magnify computer text, and described several challenges low vision peo-
ple face when navigating websites: most critically they found that participants missed crucial in-
formation and context when navigating in magnified displays. Moreover, Szpiro et al. [100] con-
ducted a user study with 11 low vision people, observing how they used computing devices such as
desktop computers and smartphones. They found that although low vision participants used var-
ious accessibility tools, they had to constantly adjust the settings to read different visual contents
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comfortably. The current accessibility tools did not provide enough control and the interaction
was difficult and inefficient.

Several research efforts have attempted to improve the accessibility of computing tasks such as
reading documents or browsing the web. Bernard et al. presented Navisio [7], a software tool that
magnified selected regions in a PDF document (as opposed to the entire document) to facilitate
navigation and increase reading comfort; a user study confirmed that reading comfort and speed
were higher with Navisio than with a CCTV. Bigham presented an approach to improve website
accessibility [8] that magnified elements in a webpage in an optimal way, without causing negative
side effects like scrolling and element overlap. Bigham’s approach was not evaluated in a user
study, and the mean magnification level achieved was only 1.6 times the original size. Researchers
have also addressed the challenge of using a mouse, since a cursor can be difficult for low vision
people to see. Kline and Glinert [51] proposed a visualization of cartoon eyes that indicated the
direction and distance to the mouse cursor, and Fraser and Gutwin [31] presented a framework
of attributes such as sound or tactile feedback to improve mouse cursor accessibility. In addition
to the traditional user interfaces on desktop or laptop displays, Zhao et al. [116] addressed the
accessibility of virtual reality for people with low vision. They designed SeeingVR, a set of 14 low
vision tools that augment VR scenes with both visual and auditory feedback.

While there has not been research, to our knowledge, to improve the accessibility of mobile
device interfaces, researchers have used mobile devices to improve access to a classroom environ-
ment. Kushalnagar et al. [53] and Hayden et al. [36-38] developed systems that provide low vision
students magnified views of lecture visuals on their personal smartphones or tablets. Surprisingly,
we have not found any research that attempts to improve access to the physical environment in
other settings using mainstream mobile devices. In the following section, we discuss research that
specifically involves HMDs, mostly with custom hardware, to improve access to the user’s physical
environment.

2.4 Head-mounted Systems for People with Visual Disabilities

The development of cameras, head-mounted displays, and image processing technology created
opportunities for low vision devices that enhance people’s vision directly.

Some researchers have focused on correcting specific low vision conditions. Optometrists have
contributed several head-mounted systems and algorithms to enhance the vision of people with
different eye conditions [54, 57, 76-79, 87, 107]. For example, Peli [76] presented a head-mounted
system with a one-dimensional analog video processing algorithm that presented more detailed
real-time gray-scale video. Using a one-dimensional algorithm reduced the cost, weight, and power
consumption of the device compared with a two-dimensional algorithm. Peli and Wood evaluated
this system [79] with 19 participants with central field loss who were tasked with recognizing
celebrity faces. Forty-two percent of the participants showed significant improvement with this
system. Their lab also developed a method for optical see-through displays that aimed to expand
people’s field of view by overlaying the contours of a minified view of a wide field over the center
of the user’s original vision [107]. They evaluated their method with (only) two participants with
Retinitis Pigmentosa who completed visual field tests with this enhancement method on head-
mounted displays. They found that participants’ field of view was effectively expanded. To our
knowledge, this system was not evaluated with real-world tasks.

Instead of developing custom hardware platforms, researchers have recently explored commer-
cial smartglasses as low vision tools. For example, Zhao et al. [117] conducted an exploratory study
with 20 low vision participants to understand the feasibility of commercially available smartglasses
(Epson’s Moverio BT-200) for low vision users in both stationary and mobile situations. The results
showed that this mainstream smartglass platform could be a powerful low vision tool, because low
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vision people identified shapes and short phrases in certain sizes and colors on the smartglasses.
Stearns et al. designed different AR magnification methods on the Microsoft HoloLens [95, 96].
They also used a handheld smartphone and a finger-worn camera as input devices to capture text
in a reading scenario. Researchers also created enhancement tools for Google Glass [34]. For ex-
ample, Tanuwidjaja et al. developed Chroma [101], a system that projected a filtered image on the
Google Glass display that highlighted or shifted certain colors to make them discernable to a user
with color blindness. They evaluated this system with 23 colorblind participants who performed
color identification tasks in different contexts. In over half the tasks, Chroma improved partici-
pants’ performance. Hwang and Peli implemented two edge-enhancement algorithms based on
positive and negative Laplacian filters on Google Glass to increase contrast for people with age-
related macular degeneration (AMD) [44]. They conducted a preliminary study with three sighted
participants by measuring their contrast sensitivity, finding that their contrast sensitivity improved
to a limited degree when using the system.

While some have focused on compensating for certain eye conditions, other researchers aimed
to address challenges for low vision people in specific tasks, such as visual search [120], mobility
[27, 39, 50, 106], and reading [42, 64]. For example, Zhao et al. designed CueSee [120], an HMD
system that facilitates the process of searching for a product in a grocery store aisle. CueSee used
computer vision to automatically recognize the target product and rendered visual cues to direct
the user’s attention to the target. Everingham et al. [27] developed a neural-network classification
algorithm for a head-mounted device that segmented scenes rendered in front of users’ eyes and
recolored objects to make obstacles more visible. Hicks et al. [39] and Rheede et al. [106] built a real-
time head-mounted LED display with a depth camera to aid navigation by detecting the distance
to nearby objects and changing the brightness of objects to indicate their distances. In addition to
visual search and mobility, some research systems and products have been developed to assist low
vision people with reading. For example, Huang et al. [42] designed a sign-reading system on the
HoloLens, which identified real-world text and visually enhanced the text by rewriting it in a larger
and higher contrast font to enable low vision users to read it. Merino-Gracia et al. [64] proposed
a real-time text detection algorithm for a head-mounted device with audio feedback that aimed to
help blind people read. However, only detection performance on a particular image dataset was
measured, and no user study was conducted to evaluate its effect on blind people. OrCam [72] is
a similar product on the market, currently selling for $3,500. It is a portable device with a camera
but no display that is mounted on the frame of the user’s eyeglasses. OrCam recognizes text and
products and provides audio feedback with a bone-conducting earpiece. To our knowledge, no
studies have evaluated the effectiveness of OrCam. Instead of using computer vision to recognize
the environment, Aira [4] is a pair of glasses with a camera, which captures the environment and
sends the video feed to a remote human agent who describes the visual information for the user.

Even though different head-mounted systems and enhancement methods were developed, they
were mostly designed for specific low vision conditions or scenarios. Little research has designed
systems that are customizable and can be widely used cross different visual conditions in various
tasks. Massof et al. designed the first Low Vision Enhancement System (LVES), an HMD with three
video cameras, on which image enhancement algorithms (e.g., contrast enhancement via reempha-
sis spatial filtering, pixel remapping for central scotomas) could be implemented to improve low
vision people’s visual abilities [61, 62]. Jordy [108] was a similar HMD that cost $3,620. However,
these early HMD devices have faded from the marketplace because of the limitations of both the
processing systems and the hardware [23]. Recently, a commercial product called eSight [26] came
to market. The eSight is a custom hardware head-mounted video see-through display that costs
$15,000, supporting magnification, contrast enhancement, and color adjustment of the real-time
video-feed. This device is connected to an additional controller via wires so that a user can adjust
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the enhancements with hardware buttons and switches. Zolyomi et al. [122] interviewed 13 eS-
ight users to understand how the eSight mediated participants’ daily social experiences. They
discussed participants’ social and emotional experiences with eSight and its effect on their social
engagements and daily activities. However, no study evaluated its functionality, such as the effec-
tiveness of different enhancements for different low vision users, or how effective this tool was in
facilitating different daily tasks.

In this article, we describe a study of different vision enhancements on an HMD with 20 low
vision people and the design and evaluation of two sets of interaction techniques to customize the
vision enhancements. To our knowledge, no prior work has addressed the interaction techniques
on HMDs for people with low vision.

Our study on vision enhancements on HMDs also differed from most prior research. Previous
work on head-mounted vision enhancement systems (and vision enhancement systems in gen-
eral) mostly focused on quantitative evaluations where measures like speed and accuracy were
measured on specific tasks (e.g., References [27, 57, 104, 110]), with no consideration of the user’s
preference and experience. However, studies on assistive technology abandonment have repeat-
edly shown that people are more likely to abandon assistive technology that is prescribed without
considering their subjective experiences and “feelings” [24, 40, 82, 111]. Meanwhile, assistive tech-
nology is more likely to be used continually if the user feels that it is socially acceptable, minimizes
stigma [74, 91], and supports long-term life goals [12, 17]. Different from prior work, our evalua-
tion on vision enhancement methods focused on users’ qualitative experiences. With qualitative
interviews and observations, we explored low vision people’s experiences with different enhance-
ment methods and display modes in an HMD context, and how they customize the enhancements
according to their visual conditions and different viewing tasks. Based on our findings, we discuss
the challenges, research opportunities, and design recommendations for head-mounted vision en-
hancement systems for low vision accessibility.

3 FORESEE

ForeSee, first presented in our previous publication [119], is a head-mounted device that enhances
people’s vision through a video see-through display. It has five vision enhancement methods and
two display modes, allowing people with low vision to adjust their visual experience according to
their visual condition and viewing task. In this section, we describe the design of ForeSee.

3.1 Design Guidelines

We developed ForeSee according to the following guidelines:

DG1. Enhance users’ vision directly: We wanted to develop a system that enables people with low
vision to use their residual vision for performing daily tasks. Meanwhile, we sought to seize an
opportunity to use computer vision technology, which is able to perform various real-time trans-
formations to video streams, to enhance people’s vision directly in all their daily living activities,
without being highly task specific like prior work (e.g., Reference [35]).

DG2. Use standard enhancement methods: As a starting point, we wanted to use standard en-
hancement methods that were widely used and accepted by low vision professionals. Users could
adjust to the new platform more easily when using familiar enhancement methods.

DG3. Enable customization: We wanted our system to be customizable to suit users’ needs and
preferences. This is especially critical for a technology that targets low vision people, since there
are many different kinds and degrees of vision impairments [2]. Moreover, people’s visual abilities
frequently change overtime or in different settings [66] (e.g., a sunny sidewalk, a dimly lit restau-
rant, and an office cubicle). Thus, customization is not only important to accommodate different
users but also to maximize the technology’s effectiveness for any particular user.
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Fig. 2. The five enhancement methods in ForeSee: Magnification, Contrast, Edge Enhancement, and
Black/White Reversal; and the two display modes: Full Display Mode and Window Display Mode in a near-
distance text reading task. While the Window Display Mode includes only two words in this example, users
can adjust the size and the position of the window to enhance any part of the display.

DG4. Enable fast and easy interaction: As mentioned in DG3, many people’s visual abilities vary
in different environments so they may need to adjust the system often. Moreover, people may
need different enhancement settings for different tasks. For example, when looking for a friend
in a crowd, a user may use a lower level of magnification than when reading a newspaper, since
she does not want to lose an overview of the environment. As such it is not only imperative for
the system to be customizable, but the user must be able to efficiently interact with the system in
different situations to customize it.

3.2 System Description

ForeSee is a video see-through [6] augmented reality head-mounted device that is designed to work
with commodity hardware. It consists of a display, a camera, and a processor. ForeSee captures a
video feed of the user’s surroundings from the user’s point of view, sends the feed to the processor,
and then displays the processed feed on the display. There is only one camera, so the user sees the
world in two dimensions (in the future, we may experiment with using two cameras to achieve a
stereo 3D effect). Unlike Google Glass, the display covers the user’s entire field of view. This allows
us to enhance the user’s field of view directly, following DG1. The processor enhances the image
in various ways, as described below.

ForeSee enhances the user’s vision by applying some combination of enhancement methods in
different display modes. An enhancement method represents a transformation that is applied to
the captured video feed. A display mode represents a way of incorporating the transformed con-
tent into the original captured video. ForeSee includes five enhancement methods and two display
modes. Following DG2, we developed the enhancement methods and the display modes by exam-
ining commonly-used low vision aids and techniques for improving the visibility of printed and
digital materials for people with low vision, as discussed in Section 2.

We created two display modes (Figure 2): Full Display Mode and Window Display Mode.

Full Display Mode. In this mode, we simply apply enhancement methods to the user’s entire
field of view. On a video see-through platform, the enhancements are rendered on the entire frame
of the video feed.

Window Display Mode. When the user selects the Window Display Mode, a rectangular black-
border window overlay appears on the original video feed, and all enhancement methods are
only applied to this rectangular area. The user can change the width, height, and position of the

ACM Transactions on Accessible Computing, Vol. 12, No. 4, Article 15. Publication date: December 2019.

RIGHTS LI N K}



15:10 Y. Zhao et al.

window to enhance a specific area of her visual field. We modeled the Window Display Mode after
a handheld magnifier. It also resembles the “lens” mode in many screen magnifiers [58, 94] where
a rectangular area around the cursor is magnified.

We created five enhancement methods (Figure 2):

Magnification. Since magnification is the most common vision enhancement method on both
optical and digital devices, we created a Magnification Enhancement Method where the user can
adjust the level of magnification.

Contrast. In this method, we increase the luminance contrast of the video feed but maintain
the color hues. We used a standard contrast enhancement algorithm that can be found in [98]. This
enhancement is widely used in low vision aids such as MAGic [58] and CCTVs [11].

Edge Enhancement. This method darkens and thickens the edges (or contours) in the video
feed. We used Canny’s edge detection algorithm [10] to detect the edges in an image and then
darkened the pixels on and surrounding the edges in the original image. This method is adopted
by several previous head-mounted vision enhancement research [44, 54, 107].

Black/White Reversal. In this enhancement method, we used Otsu’s Thresholding Method [73]
to convert the video to binary (only black and white) with the threshold of 100, and then reversed
the colors. People often use this type of effect (white text on a black background) when reading
with CCTVs [11].

Text Extraction. Text extraction, which involves optical character recognition (OCR), is used by
several low vision accessibility tools such as OrCam [72] and screen readers (e.g., JAWS [89]). It is
always combined with text-to-speech technology, providing audio feedback to visually impaired
users. To explore the effectiveness of this method in an HMD setting, we use visual feedback
instead of audio. In ForeSee, this method is only available in the Window Display Mode. It detects
[69] and recognizes [102] the text in the window and displays a digital version in a standard font
with high contrast in a separate region on the display. Currently, we only allow users to select 1-3
words at a time to make sure that the size of the digital text is big enough for most participants.

We address DG4 in Sections 5 and 6, where we discuss the design and evaluation of input meth-
ods to customize the enhancement methods.

4 EVALUATING VISION ENHANCEMENT METHODS

We conducted an extensive user study to address our first research question, which we posed in
the Introduction:

RQ1. How do different visual enhancements on an HMD affect low vision people’s visual expe-
riences?

We operationalized this question by breaking it down into the following two questions:

(1) How effective was each enhancement method and display mode in ForeSee for people
with different visual abilities in different viewing tasks?

(2) How did people with low vision customize their visual experiences (select and combine
vision enhancement methods and display modes) in different viewing tasks when using
ForeSee?

4.1 Method

4.1.1  Participants. We recruited 20 people with low vision to participate in our study (13 fe-
males, 7 males) with a mean age of 46 (range: 21-68). In our recruiting materials, we called for
volunteers who had “low vision” (see definition in Section 2.1). When volunteers contacted us, we
conducted a brief screening interview over the phone to ensure they were indeed low vision. If
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Fig. 3. Left: The ForeSee HMD prototype. Right: The gestures to control the window in the Window Display
Mode: (a) dragging gesture to adjust the position of the window, (b) pinching in/out gesture in the vertical
direction to adjust the height of the window, (c) pinching in/out gesture in the horizontal direction to adjust
the width of the window.

a volunteer said they used tools that enhanced their vision such as handheld magnifiers, screen
magnifiers, or a CCTV, then we had enough evidence that they had low vision and invited them
to participate. Volunteers who only used screen readers were not considered suitable, since they
likely had little to no functional vision.! We considered people who are legally blind” as eligible
participants as long as they can use their vision to complete some visual tasks in daily activities
(e.g., using a magnifier to read some text). Our participants had a variety of vision conditions,
shown in Table 1. Participants were compensated $20 per hour and received up to $60 in reim-
bursement for travel expenses.

We were unable to conduct the whole study with one participant, P3, who arrived late and
did not understand the study instructions. He completed only the near-distance task for image
recognition. We only report his data of this one task in the Findings Section (4.2).

4.1.2 Apparatus. We implemented ForeSee on an Oculus Rift that we combined with a webcam
(Figure 3 Left). We used a WideCam F100, a 1080HD webcam with a 120 Degree ultra wide angle
lens to capture the surrounding environment, and an Oculus Rift DK2 as the display. The webcam
and Oculus Rift were both connected to a laptop that was used as the processor of the vision en-
hancement system. The webcam was attached to the front of the Oculus Rift between the wearer’s
eyes. The two screens of Oculus rendered the same images of the enhanced environment (biocular
vision). Although the webcam has a high resolution, we reduced the image resolution to 480 X 640
to make the system real time.

To enable the participants to customize the enhancements on ForeSee in the user study, we
developed a smartphone application as a controller, with which users could control the size and the
position of the window in the Window Display Mode using eyes-free gestures. Users can regard the
smartphone touchscreen as a touchpad, moving the position and adjusting the size of the window
using touch gestures (Figure 3, right). To move the Window, the user can conduct a dragging
gesture as if she was dragging the Window; the Window will move towards the same direction
on the HMD display with the same distance. The dragging gesture can start at any point on the
smartphone screen, so that the user does not need to look at the phone. The user can also use a

Functional vision is used to describe how well the person functions in vision-related activities. It refers to how the person
functions, which is distinct from visual functions (how the eye functions) [18, 19].

2A person is “legally blind” if either (1) his or her best-corrected visual acuity in their better eye is 20/200 or worse, or
(2) his or her visual field is 20 degrees or narrower. Some people with low vision are legally blind.
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Table 1. Demographic Information of the 20 Participants Who Evaluated the Vision Enhancements

ID  Age/ Sex Diagnosis Visual Field  Visual Acuity Color Vision Tool Used
P1 23/M Nystagmus Full 20/120 Good Bifocal, telescope, software
magnifier, zoom-in on computer
P2 29/F Optic Atrophy  Full 20/400 Could distinguish primary  Cane, black/white reversal on
colors computer
P3  62/M Retinopathy of ~ Very limited, a Left: no vision; ~ Nearly cannot distinguish ~ Jaws, Handheld/ stationary
prematurity little vision on  Right: <20/200  colors CCTVs, reading glasses,
the right side monocular, ZoomText and
in the right eye Magic
P4 45/F Pituitary gland ~ Limited Unknown, but  Good ZoomText, CCTV, magnifier for
optic nerve good brief reading tasks
tumor
P5 53/M Stargardt’s Full Left: 20/800; Have color vision but not CCTYV, handheld magnifiers,
Disease Right: 20/600 good at subtle colors handheld telescopes
P6 21/F Leber’s Very limited 20/600 Have color vision but not Braille notetaker, Jaws, iPhone
Congenital good at subtle colors with VoiceOver, zoom-in to see
Amaurosis images
P7  34/F Retinitis Limited; <30  Unknown, but Good ZoomText, cane at night
Pigmentosa degrees good
P8  34/F Pathological Full 20/200 Have color vision but not  Screen magnifiers for phone and
Myopia; good at subtle colors tablet, speech input and Siri,
Detached retina ZoomText, color reversal
in left eye;
Cataract
P9 56/M Bilateral optic Full 20/220 Have color vision but not Screen magnifier, black/white
atrophy; good at subtle colors reverse
Nystagmus
P10 57/M Usher’s Very limited, — Left: <20/170; Need high contrast to see CCTV, color reversal
syndrome, <5 degrees Right: blind colors
Retinitis
Pigmentosa
P11 34/F Retinitis Limited 20/60 Color blind Magnifier, flash light at night
Pigmentosa
P12  40/M Detached retina  Full Left: 20/60; Have color vision but not Reading glasses, cane, iPhone
Right: blind good at subtle colors with VoiceOver, Laptop with
Zoom, CCTV
P13 65/M Central areolar ~ Unknown Unknown Need high contrast to see ~ CCTV, ZoomText
choroidal colors
sclerosis
P14 58/F Retinopathy of ~ Full Left: 20/400; Need high contrast to see ~ Handheld monocular, CCTV,
prematurity Right: 20/300 colors handheld magnifier, ZoomText
P15 51/F Cytomegalovirus Very limited Left: unknown;  Color blind Jaws, ZoomText
Retinitis Right: blind
P16  64/F Retrolental Very limited ~ Left: blind; Have color vision but not ~ Cane, screen readers, used to
Fibroplasia Right: unknown good at subtle colors use magnification
P17 55/F Steven Johnson  Very limited Left 20/150; Good Magnifier, CCTV
Syndrome Right: 20/200
P18 23/M Stargardt’s Full Limited, but More issues with contrast ~ Screen magnifier, color reversal
Disease unknown
P19  36/M Reversal class of Full 20/300 Cannot distinguish colors  Screen magnifiers, screen
Retinitis of low contrast readers, color reversal
Pigmentosa
P20 68/F Retinal Left: limited;  Left: limited; Cannot distinguish colors ~ ZoomText, CCTV, color
myopathy, Right: almost ~ Right: only has  of low contrast reversal, handheld magnifiers,
glaucoma none light perception iPhone with Zoom and Siri
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Fig. 4. Experiment Materials: (a) a handheld printed page, (b) four printed signs of numbers or words hung
on the wall, (c) three handheld celebrity photos, and (d) three traffic signs hung on the wall.

pinching in or pinching out gesture to increase or reduce the size of the window. We also used
Wizard of Oz (WOZ) [85] to allow users to choose and adjust different enhancement methods
with natural speech commands. The researcher, acting as the wizard, responded to the commands
and adjusted parameters of the system. For example, the user can say, “move the window down,”
to adjust the window position in the Window Display Mode, or “make it larger,” to increase the
magnification level when using Magnification.

4.1.3  Procedure and Materials. The study consisted of one session that lasted two to four hours
(about 2.5 hours on average). Participants sat on a chair inside a well-lit office throughout the
study. We offered them water and coffee and allowed them to take breaks in between tasks for as
long as they needed to reduce the impact of fatigue on their performance. We began each session
by conducting a short interview, where we asked participants for their demographic information,
including age, gender, and visual condition. We then introduced ForeSee, explaining its function-
ality and the goals of the study to get the participants familiar with the system as well as the study
procedure.

We then asked participants to perform four viewing tasks, including (1) near-distance reading;:
reading a handheld printed page, (2) far-distance reading: reading signs with words and numbers,
(3) near-distance image perception: recognizing celebrity photos, and (4) far-distance image per-
ception: recognizing traffic signs. We chose these tasks because they represent important daily
living challenges for low vision people [13]. We described the two reading tasks in our conference
paper [119], but here we additionally present the results from the image perception tasks.

The experiment materials we used included: a printed page with two paragraphs of black or blue
letters in Verdana, size 20 (Figure 4(a)), four signs of letters or numbers printed in a decorative font
with different colors hung three meters away right in front of the participants (Figure 4(b)), three
photos with one black and white photo of Abraham Lincoln and two color photos of Marilyn
Monroe and Albert Einstein (Figure 4(c)), as well as three printed traffic signs hung three meters
away in front of the participants (Figure 4(d)).

For each task, we asked participants about their visual experience under different conditions.
Specifically, we asked them to describe what they saw, whether the current condition was effective,
and their comfort level (i.e., whether they experienced any eyestrain). Participants were also asked
to describe the image content or read the text. In total, we evaluated 12 conditions for each task:

(1) Completing the task without using ForeSee.

(2) Using ForeSee but without any enhancement methods.

(3) Using ForeSee in the Full Display Mode, with all enhancement methods, except for Text
Extraction, which can only be used in the Window Display Mode. Conditions 3a-3d cor-
respond to using magnification, contrast, edge enhancement, and black/white reversal in
the Full Display Mode, respectively.
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(4) Using ForeSee in the Window Display Mode, with each of the five enhancement meth-
ods. Conditions 4a—4e correspond to using magnification, contrast edge enhancement,
black/white reversal, and text extraction in the Window Display Mode, respectively.

(5) Using ForeSee with whatever combination of enhancement methods and display mode
worked best for the participant in the current task. The user was able to customize the
system to optimize their visual experience.

To avoid order effects, we counterbalanced the order of some conditions and randomized the
order of others as follows. For the tasks, we counterbalanced the order based on distance (near vs.
far distance). And for each distance level, we randomized the order of reading and image percep-
tion tasks. For the enhancement conditions, we first counterbalanced conditions 1 and 2. We then
presented the enhancement methods in a random order (conditions 3a-3d and 4a—4e), since there
were too many enhancement methods to properly counterbalance them. We always presented
condition 5 at the end, because participants had to be familiar with all the enhancement methods
and both display modes to choose their preferred combination.

We connected ForeSee to the researcher’s laptop, mirroring the display of the Oculus on the
laptop. Since the participants may have difficulty locating the target objects, especially for the far-
distance tasks, the researcher provided guidance to help the participants look in the right direction,
ensuring the targets were showed on the display.

4.1.4  Analysis. We video-recorded the study and took notes during each session. After the
study, we transcribed the videos using a professional service and analyzed the transcripts following
the general coding method described by Burnard [9], organizing them by tasks and enhancement
conditions. Two researchers discussed the themes and categories of the data together, while one
of them coded the interview data by labeling important words and sentences with corresponding
themes.

4.2 Findings

In this section, we report the benefits and weaknesses of different vision enhancement methods and
display modes, and how participants with different visual abilities selected and combined different
enhancement methods with ForeSee to create the best visual experience in different viewing tasks.

4.2.1 User Fit. ForeSee is designed to enhance users’ vision directly, so it requires some amount
of functional vision. During the study, we found that some low vision people did not have enough
functional vision, which prevented them from benefiting from ForeSee as much as other users
could. Two participants (P6 and P16) could not complete the evaluation in some viewing tasks.
Both of them only finished the near-distance image task and could not perceive much information
from the materials in the other three tasks.

We found that both P6 and P16 had difficulty locating the target objects in their field of view. In
the near-distance reading task, when we asked P16 about what she saw on the reading material,
she said, “It’s just white paper. No, I can’t tell you what’s on this paper.” At the beginning of the
far-distance task, P6 also said, “Honestly, what I see right now is just the white.”

Moreover, both P6 and P16 could not distinguish among the different enhancement methods. For
example, when we asked P16 to describe the differences between the magnified and the original
text in the near-reading task, her feedback didn’t relate to the magnification. P16 described her
visual experience: “This glasses have some light shining through them.”

4.2.2 Video See-Through View (No Enhancement). We compared participants’ original vision
(condition 1 in the study) with their vision through the digital display without any enhancement
(condition 2). Considering the limited focal range of the webcam and the low resolution of the
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Oculus display, we expected the unenhanced view to be blurry and distorted. However, some par-
ticipants preferred the video see-through display to their original vision.

In the near-distance tasks, most participants (16 in the image task and 9 in the reading task)
indicated that using ForeSee without enhancement improved their visual experience. When per-
ceiving images, the participants (e.g., P2 and P7) felt the images became sharper and could see more
colors and details. “T can’t tell the color of this image [Einstein’s photo], but with these [glasses],
I can tell there is more, I can see more skin tone” (P2), and “It’s sharper actually with the glasses.
I can actually see the eyes of Einstein there. It’s much sharper, and I can see the hair on the top
of his head” (P7). When reading text, some participants (e.g., P13, P15) who could not read the
materials with their original vision were able to read with ForeSee. “I can’t read standard printed
material without magnification. With [ForeSee], I can see an individual word” (P15). Moreover,
some participants (e.g., P12, P17) felt ForeSee increased the distance at which they could comfort-
ably hold the page. “The difference is that I really have to look very close [without ForeSee], so if
I had [ForeSee] I wouldn’t have to look this close” (P17).

In the far-distance tasks, most participants preferred their original vision because of the limited
resolution of the prototype. However, there were still some participants (five in the image task
and three in the reading task) who believed that the visual experience with ForeSee was better,
because they felt the view in ForeSee was brighter. As P7 mentioned, “It’s sharper in the sense of
light.” P9 also believed that the images from ForeSee were more focused than his original vision,
“[My original vision] is just less focused and blurrier.”

Based on the participants’ feedback, we speculate three possible reasons for why people prefer
seeing contents on digital displays. First, the brightness of the digital displays provided higher
luminance contrast. Second, the Oculus Rift itself has lenses between the digital display and the
users’ eyes, which may have helped the participants to focus, especially for those who did not
have lenses in their eyes (e.g., P17). Third, the headset also blocked some elements in the real
environment (e.g., natural light, stimuli in the periphery), which may reduce distractions and help
people focus on the displays.

4.2.3  Perceived Effectiveness of Vision Enhancements. We analyze participants’ perceived effec-
tiveness of different enhancement methods in each display mode in the four viewing tasks. For
each enhancement, we organize the findings by display modes or tasks (reading vs. image), ac-
cording to which factor has a greater impact on participants’ experience.

(1) Magnification

Full Display Mode. Most participants felt magnification was effective: 17 participants in the
image task (including P3 who only finished near-distance image task), and 15 participants in the
reading task. Many remarked that magnification enabled them to see more colors and details. “T
certainly see more detail than before. Now the color [of the top left sign] is green or blue, like a
light green or blue” (P19). Even though the magnified video has a lower resolution than the original
video, participants felt they perceived more information and were better able to distinguish details
and read. “Now that it’s bigger, it’s blurry but I can see more” (P2).

While providing more detailed information, magnification had some disadvantages. First, it re-
duced users’ visual field and made it difficult for them to locate targets. As P15 indicated, “If it’s
too big, you feel it’s losing the orientation, then you have to work harder to look around.” Second,
it reduced the speed at which participants perceived the content because of the loss of the context,
especially for reading long text:

“So much of reading is recognizing general forms and not necessarily seeing every
letter, so [magnification] is not the most [effective enhancement]. Instead of actually
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looking at every single letter or every single syllable. I'm doing a lot from context.”

(P12)

The loss in visual field negatively impacted people with tunnel vision even more. P10 insisted
that magnification did not improve her vision in any tasks and P4 did not prefer magnification
in reading tasks: “Everything that I look at cuts in half, so although they are becoming clearer,
they’re cut in half for me” (P4).

Window Display Mode. In the near-distance tasks, participants did not like as much mag-
nification in the Window mode as they did in the Full mode: Only nine participants preferred
magnification for viewing images and eight for reading. One reason is that the size of the win-
dow was limited, which reduced the users’ field of view more. For the near-distance image, some
participants emphasized the difficulty of understanding the whole picture (e.g., P5, P9). “I think
[perceiving] images is much more right brain and you need things not to be chopped up so much.
You need the whole ‘gestalt’ of the thing, you know? The whole [image]” (P5). And for the reading
materials, the window made it hard to track the words. “Because I'm looking inside the box... You
could miss a sentence, you could skip over a line” (P10).

In the far-distance tasks targets appeared smaller, which reduced target “cut-offs” and “losing
track.” This led to 10 participants finding magnification useful in the image recognition task and
11 participants finding magnification useful in the reading task.

Participants tended to modify the size of the window as they adjusted the magnification level,
increasing the window to keep the target in the magnified view. Some suggested that the window
should automatically increase as the magnification level increases to keep the target in the window.
P9 suggested: “The magnification is helping but you need to magnify the border [of the window]
with it, because once you magnify and if you don’t [enlarge the window], what you see inside the
border decreases.”

(2) Contrast Enhancement

Full Display Mode. In the near-distance tasks, most participants (15 in the image task and 16
in the reading task) felt that contrast enhancement was beneficial. They noted that the contrast
enhancement emphasized the color and increased the sharpness: “It’s brighter. It’s sharper. That
makes it easier to recognize what it is right away” (P17). Some participants also felt less eyestrain,
because the targets became clearer. “It is easier to see, because I find it less of an eye strain... I can
see the people clearer” (P14). However, in the far distance conditions, only six participants in the
image task and seven in the reading task preferred contrast enhancement. As the targets are far
away and some parts are too small or thin for the webcam, the contrast enhancement makes the
contours more invisible, especially the lines between two similar colors: “The contrast has helped
with the colors, but it has hurt the shape. I can tell that there’s a sign there more but I can’t quite
tell what kind of sign it is” (P1).

Some participants (e.g., P7, P14) mentioned the problem of distortion aroused by contrast en-
hancement. Even though the colors are enhanced, the image is not as natural as original. As P7
commented, “It just doesn’t feel like the colors are real.” Contrast enhancement also had a nega-
tive effect on some participants’ visual comfort, especially those who were sensitive to light (e.g.,
P2, P4, P11). They felt that the brightness hurt their eyes and distracted them from focusing on
the target. Some participants even had more eyestrain with a higher contrast. “I couldn’t read like
that, because the glare is too much for my eyes” (P4).

Window Display Mode. Contrast enhancement was effective for more participants in the Win-
dow mode than in the Full mode. Participants no longer reported discomfort. The limited size of
the window reduced the glare of the contrast. P2 indicated, “It is not that bright and would not
hurt much, because it’s not covering the whole paper.”

ACM Transactions on Accessible Computing, Vol. 12, No. 4, Article 15. Publication date: December 2019.

RIGHTSE LI MN iy



Designing and Evaluating a Customizable Head-mounted Vision Enhancement System 15:17

Moreover, we found that the window actually increased the effect of the contrast enhancement.
P14 explained, “I realized something: When you add the borders [of the Window Display Mode],
it increases the light in the area. The reading area seems brighter when you add the borders.” The
high contrast in the window, which was described as a flashlight by P13, highlighted the target
and helped users locate and concentrate on the content they wanted to see: “It does highlight it.
If you wanted me to focus on the ‘Z’, it would help find it... so it’s easier to focus” (P13).

(3) Edge Enhancement

Image Tasks. In the near-distance image (face recognition, Figure 4(c)) task, most of the par-
ticipants (14 out of 20), especially those who had more functional vision (e.g., P1, P13), felt edge
enhancement was distracting, because it added “unfamiliar” information to the human faces. The
edges darkened the scene and occluded the original colors and details of the images. As P14 com-
mented, “I'm not seeing the actual skin. I see the skin but it’s almost like the details have been
removed. Almost like now it’s a mask.” For some participants, it even changed the image style
and the way they perceive the images: “It sort of turns things into a cartoon” (P1), and “It looks
like abstract art” (P4). However, some participants (4 out of 20), especially those who had more
difficulties with distinguishing colors (e.g., P3, P19), believed that edge enhancement could help
with the face recognition, because it increased the contrast. “I think it gives it more contrast. The
features stand out a little bit more” (P3). P15 also indicated that the edges added 3D effect to the
images, “The colors look more realistic. The details I saw before look more 3D, more of a 3D effect.”

Meanwhile, more participants (7 out of 20) thought edge enhancement improved the visual
effect in the far-distance image task (traffic signs, Figure 4(d)) than in the near-distance task. They
commented that the edges emphasized the outline and defined the shape, “The shape is clearer.
Actually, now ’'m seeing something going like around it, now I see a diamond shape. Then to the
right of that looks to me like a triangle shape” (P13). Some participants (e.g., P12, P20) also felt that
edge enhancement helped to discover objects in their view and locate them quickly. “With the
edge definition, the objects are more obviously there, because they’re dark” (P12). Some of them
mentioned that the edges could help with concentration: “T think it helps me concentrate on the
image more, the black contour helps me to focus my vision more on the image” (P14).

Reading Tasks. Participants had strong but differing opinions about edge enhancement in the
reading tasks, especially the near-distance reading. When reading the handheld printed page (Fig-
ure 4(a)), all participants except for P6 and P16 agreed that the font appeared bolder. Some partici-
pants indicated they could benefit from the bold letters. As P11 explained, “It’s bold. Let’s say with
low vision, you always have a problem with differentiating ‘e’ and ‘a’. This is very [clear]. It gives
you a clear definition to the letter. It defines the letter.” However, the others (seven participants) did
not like this enhancement method while reading. Since the contours of each letter was thickened,
it created a crowding effect [80], in which the letters got closer than a critical spacing, making the
reading content difficult to be identified. “They’re a little bit bolder and a little bit closer together.
It’s a little bit harder to distinguish them” (P12).

(4) Black/White Reversal

Image Tasks. Since black/white reversal was modeled after a common effect people use when
reading with CCTV’s, it largely distorted the color and detail information of the objects in one’s en-
vironment. Unsurprisingly, most participants (18 out of 20) did not like this enhancement method
in the image tasks. “You lose all details. You lose color cues, especially in a picture like Marilyn’s
where color really is what defines the different areas of the photo” (P18). Some participants also
described the visual effect as an x-ray image (e.g., P11, P18) or a Rorschach test (e.g., P14), “[The
image is] like an x-ray image. It’s a little bit creepy” (P11).
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However, one interesting result was that, for participants with ultra-low vision? (e.g., P6, P16),
black/white reversal was the only method that provided more information. Both P6 and P16 could
barely see anything through ForeSee until we triggered black/white reversal. With this enhance-
ment, P6 could distinguish the frame of the image and also discern some basic contours in the
near-distance image task. P16 could even recognize there’s a human face in the image: “Okay,
there’s an image here. Wow, let’s see what’s on this paper... Is this a face? It’s a face!” (P16).

According to this finding, we believed that black/white reversal created extreme high contrast
that helped people with ultra-low vision get more information from the images. It may also sim-
plify the images and eliminate the distraction from complicated structures and various colors.
However, for participants with better vision, this method oversimplifies the images, leading to
loss of critical information.

Reading Tasks. Ten participants preferred black/white reversal to the original black-on-white
text. They said there was too much glare on the original white background, which they found
distracting. As P19 mentioned, “My eyes are so light sensitive, they pick up on the brightness of
the light against the dark background more easily than trying to pick up the dark letters on a bright
white background.”

However, seven participants thought black-on-white was better than the reverse. They felt that
the white letters were too bright, which hurt their eyes and caused fatigue and eyestrain. “This
would be more tiring over a longer period of time, because I would be getting too much glare from
the letters” (P14).

(5) Text Extraction

In the far-distance reading task, 11 participants benefited from the text extraction, because it
was much clearer than the original one. “I feel like if it was used for like a street sign, then that
would be great. I really like the text [extraction]. I pretty much can’t see the numbers without the
text detection” (P2). In the near-distance reading task, fewer participants (six out of 20) liked text
extraction, because they were concerned about its efficiency and practicality. Text extraction only
displays a few words at a time, making it difficult to read long paragraphs. As P18 indicated, “It’s
great if you’re looking at distance. Usually a sign or something that is not going to be more than
a few words, but to read like [a long paragraph] would take you a very long time. I don’t think it’s
practical, maybe somehow superimposing it over [the original text].” Some of them (e.g., P5, P12)
suggested using an eye-tracker to locate the words that the user is looking at and recognizing that
text automatically, so that they would not need to manually select the words that they want to read.

Redirecting their gaze between the original text in the window and the extracted digital text at
the bottom of the display was challenging for some participants (e.g., P7, P12). As P7 said, “I won’t
see the two [phrases] at the same time. I have to look at the [original phrase] and then I have to
look down. I have to change the position of my gaze.” Some participants (P7, P11) suggested that
the extracted text could replace or appear next to the original text to avoid the gaze switching.

Participants proposed improvements to the style and location of the digital text presented in
text extraction. Some participants felt the current location of the text (at the bottom of the display)
was best, because the text did not cover the center of their view (e.g., P2, P11), and looking down
felt natural for reading (P8). While eight participants (including P6 and P16 who have ultra-low
vision), especially those with tunnel vision, had difficulty seeing the extracted text at the bottom
of the display. The style of the digital text, including font size, color, and weight needed to be
adjustable as well. P13 said text extraction did not help, because the text was too small for him to
see, and P19 suggested reversing the color of the text to white-on-black and using a bold font.

3Ultra-low vision: visual acuity is less than or equals to 20/500 in the better seeing eye [47].
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(6) Window Display Mode

We summarize general user reflections and use patterns with the Window Display Mode. Over-
all, 14 participants benefited from the Window in some viewing tasks.

Window placement. As we expected, most participants (14 out of 20) put the selection area at
the location where their sight was best (usually in the center; for P4, it is the left side, because
she only had vision on the left side of her right eye) and adjusted its size to fit the target object.
Interestingly, P17 had a different approach and positioned it in a weaker region in her field of
view. She put the window in the center of her visual field to compensate for her central vision
loss. Another three participants (P1, P8, and P12) adjusted the position of the window according
to the distance of the viewing target. P11 described his preferences: “For [near-distance] reading
purposes, I think [the window] would be closer to the bottom. When you are looking at something
far away, you are more likely to have your head upright. [The window] should be a little bit higher
than the middle line. I think that is just the natural set up of this.” Participants used this positioning
pattern to simulate a bifocal lens that they were familiar with, “Because that’s essentially what a
bifocal lens is doing. That’s just what my glasses are for” (P1).

Benefits. Participants reported several benefits from using the Window as described below.

Concentration: Some (e.g., P14, P17) said the window helped them block the distracting sur-
roundings and concentrate on the target. As P4 explained, “There’s less visual confusion because
of the fact that I'm focusing on [particular] objects. When there are too many objects to look at,
I'm trying to look at all of them at the same time, trying to distinguish the colors and the features.
It’s just more like distracting. Here, it’s easier to see, because I'm focusing on one object at a time.”
P4 even refused to conduct the reading tasks without the Window Display Mode.

Multitasking: Three participants (P8, P18, and P19) used the Window to support multitasking.
They conducted different viewing tasks between looking inside and outside the window. For ex-
ample, they put the targets that need enhancement inside the window and kept the target that
didn’t need to be enhanced outside the window. This was because it was difficult for participants
to switch from one task to another when using enhancements like magnification and black/white
reversal in the Full Display Mode. For example, P18 felt disoriented when using black/white re-
versal: “As long as you don’t take your eyes off the page [with text] you're good. The second you
look up, you're very disoriented.” While in the Window Display Mode, some participants felt the
window enabled them to conduct both the task that needs enhancement inside of the window and
the task needs no enhancement outside of the window at the same time. P7 explained:

“T'm trying to think of a situation where I was reading something at my desk and if
I wanted to be able to keep track of the things going on around me, then I would use
the enhancement box set to a thin line so I could get the text.” (P7)

Seeing Context: Finally, some participants (e.g., P1, P18) mentioned that the Window Display
Mode allowed people to see more context (i.e., information about the original image and the back-
ground of the targets).

It gives me a point of comparison, because I can be not looking at [the enhancement
inside the window]. I need help to zoom in, but [with the Window Display Mode] I see
contextually. As opposed to when it’s full blown, maybe the issue I had before was I
don’t know where I am in a world that large. I think this is just [more] contextual.”
(P18)

Weaknesses . Participants also mentioned some weaknesses of the Window.
Inconsistency: Participants with better peripheral vision (e.g., P1, P5, P18) mentioned the incon-
sistency between inside the window where information was enhanced and outside the window
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where information was not enhanced. They felt this inconsistency distracted them. For example,
P18 commented on the magnification in Window Display Mode: “There are too many text sizes
going on at once. 'm seeing the text changing size as I'm reading it peripherally and it’s a little
distracting” (P18).

Difficulty Locating the Window: Some participants (e.g., P2, P13) found it difficult to find the
window in their visual field. “It was probably worse because you have to find the specific spot”
(P2). Most participants preferred to set the window in a fixed position and then move their head
to position the target in the window. Some of these participants (e.g., P17, P20) felt this required
too much effort, especially for the crowded text in the near-distance reading task, “It’s hard to put
the specific line [of text] into this [window]. It’s frustrating” (P17).

4.2.4  Combining Enhancement Methods. Most participants improved their visual experience by
combining enhancement methods. We present the methods and display modes participants chose
to achieve their best visual experience in Figure 5. We found that preferences among participants
differed a lot. Meanwhile, each participant’ preferences also differed across tasks.

Most participants (more than 70% in each task) used magnification. For some participants, other
enhancement methods were effective only with magnification, especially in the far-distance tasks.
P12, for example, didn’t feel that edge enhancement alone was beneficial in the far-distance task.
However, when combining it with magnification, he said: “Edge enhancement probably helped.
Plus you’ve got magnification going too, right? Now I could see the contour of the inside part. The
edging really helped me distinguish the number.”

Even though combining enhancements improved their vision, some participants (e.g., P2, P11)
felt this was a little complicated for them. There were too many enhancement methods and display
modes, so that it was difficult for them to determine what combination was optimal for them. They
commented that the effort they spent to configure the system should match the improvement in
their experience. ‘I feel like the effort has to match the efficiency. So, if the effort is too much,
I'm not going to do it. But if the effort is minimal and get good benefit, I will use it” (P2). This
emphasized the importance of designing interaction techniques that are easy and efficient for low
vision people to use when customizing their visual experience. P11 also suggested providing a
small set of options that worked best for each particular user:

‘T think different people with low vision could have different options, you know, like
contrast works for me, zoom works for other people. I think the options are important,
but not having too many options either. You know, just having couple of different ways
to go, just couple, like the best couple, not like having ten different choices. Maybe three
choices that work best for me. Too many options will be too hard to use.” (P11)

4.2.5 Control with Touchscreen Gestures. Although this study focused on evaluating the vision
enhancements on the HMD, we also observed participants’ use of the touchscreen-based gestures
on the smartphone controller (Figure 3, right) to adjust the size and position of the window in
the Window Display Mode. We found that all the participants learnt the gestures quickly and
could control the window easily with the smartphone application. All of them felt it was easy
and feasible to use touch gestures to control ForeSee. This motivated us to design a complete set
of touchscreen-based interaction techniques to enable low vision users to customize their visual
experience by selecting different enhancements and adjusting the parameters (e.g., magnification
level). We describe our design and evaluation of interaction techniques for ForeSee in the following
sections.
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Fig. 5. Participant preferences for combined enhancements in the near- and far-distance tasks. The x-axis
lists the 20 participants, while y-axis lists the five enhancement methods. Blue columns represent the Full
Display Mode, and orange columns represent the Window Display Mode. If a participant chose to use an
enhancement in the combination condition, then we added a check to the square corresponding to that
enhancement. For some participants who had ultra-low vision and could not provide their preferences for all
the tasks, we keep their columns blank. P4 preferred the Window Display Mode without any enhancement
in the near- and far-distance reading tasks, so there are no check boxes in the column.

5 DESIGNING INTERACTION TECHNIQUES

After studying the effect of different vision enhancements, the output of ForeSee, we now turn to
understanding the input and interaction. We address the second research question posed in the
Introduction:
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RQ2. What interaction techniques enable people with low vision to interact with an HMD sys-
tem effectively?

As our first study confirmed, an effective vision enhancement system must have usable interac-
tion techniques that allow the user to control and customize the system. During our study of vision
enhancements, we allowed participants to control ForeSee with speech commands (implemented
by WOZ) and gestures on a smartphone touchscreen (Figure 3, right). These interaction techniques
were merely a way to allow participants to customize the system to their liking—we did not aim
to evaluate the effectiveness of these interaction techniques. However, they did provide insights
into preliminary input options for an HMD system for low vision people.

Speech is a standard interaction method and, as such, a natural candidate modality for inter-
action. Many smart devices support speech assistants and dictation, allowing users to use speech
to interact with the systems, for example, Siri in Apple devices, Cortina in Window devices, and
Alexa in Amazon Echo. Since speech interaction is eyes-free, it is accessible to people with low
vision. Prior research found that speech can be an effective mode of input [5] and interaction [83]
for people with visual impairments. Our study of vision enhancements also showed that all partic-
ipants could easily use speech (implemented by WOZ) to customize ForeSee. Thus, we decided to
use speech as the basic input method of ForeSee. However, speech is not suitable for all situations,
for example, a quiet public environment, or giving private commands in public. Using speech con-
trol in unsuitable situations can be especially problematic for people with disabilities, since it can
expose or emphasize their disabilities.

When speech is not an appropriate or desirable option, it is critically important to have an
alternative. Touchpad gestures proved to be a viable option in our first study, in which participants
could easily use touch gestures on a smartphone screen to control the size and position of the
window in the Window Display Mode. However, interactions on a touchpad or a smartphone
would require the user to retrieve such a device out of a pocket or purse, posing an unnecessary
barrier to convenient and fast interaction. We decided instead to explore gestures on a smartwatch,
since it is a wearable “always available” [67] touchscreen that a user can access easily in many
situations. It can be wirelessly connected to an HMD and used as an input sensor. As with HMDs,
smartwatches are growing in popularity and are becoming mainstream, relatively low cost devices
that can serve as socially-acceptable accessibility tools.

In the following sections, we describe the design and evaluation of the interaction techniques
we designed in ForeSee, which include a set of speech commands and a set of smartwatch
gestures.

5.1 Interaction Techniques on a Smartwatch

5.1.1 User-Centered Design of Interaction Techniques on a Smartwatch. To design these inter-
action techniques for low vision users, we followed a user-centered design method [20], where
we conducted informal formative studies with eight low vision participants (two female, six male,
age ranges from 23 to 64 with the mean of 36). During the formative studies, we asked the eight
participants what input gestures and output feedback they preferred, demonstrated different pro-
totypes to them, and improved the prototypes based on their suggestions. We describe our iteration
process and the final design of our interaction techniques below.

We designed three interaction techniques on a smartwatch to support the following operations
in ForeSee: select an enhancement, adjust the enhancement level, and toggle an enhancement on and
off. With these interaction techniques, a user can have full control of their visual experience by
combining different enhancements and adjusting the level of each enhancement method.
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B/W

Fig. 6. Two menu types: (a) a linear menu that a user can switch menu items by swiping to left or right on
the smartwatch surface; (b) a pie menu where all menu items are shown in a circle at a time. A user can
select one item by swiping to the corresponding direction on the smartwatch.

(1) Selecting an Enhancement

Since we have five enhancement methods and two display modes (Figure 2) for a user to select,
we designed a menu that includes all these options. A user can navigate the menu and select a
specific enhancement or display mode for further control.

Menu Hierarchy. Since there are two visual effect categories (enhancement and display mode),
we originally designed a two-level menu. The users needed to first select which category they
wanted to navigate (enhancement or display mode), and then select a specific item in the corre-
sponding category. However, when showing this design to our participants, they all commented
that the two-level menu was too complicated and that it took too long to navigate the menu. Thus,
we designed a one-level menu by regarding the Full Display Mode as the default: the menu items
included the five enhancements and the Window Display Mode. If a user only selects the enhance-
ments, then they are presented in the Full Display Mode. If she selects the Window Display Mode,
then all the enhancements she has selected will be rendered in the Window.

Menu Type. We prepared two types of menus for participants to compare: a linear menu and a
pie menu. The first was a linear menu, in which only one menu item was presented on the HMD
at a time and a user must swipe left or right on the smartwatch to move to the previous or next
item. When moving forward from the last item, the user returned to the first item, as shown in
Figure 6(a). The second menu design was a pie menu, in which all menu items were presented in a
circle on the HMD. A user must select one item by swiping along the direction from the smartwatch
center to the location of the item on the display, as shown in Figure 6(b). The swipe gesture can
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(a) (b) (c)

Fig. 7. Touch gestures to control ForeSee: (a) a long press gesture to trigger the menu; (b) a double tap to
select a menu item; (c) a clockwise or counterclockwise slide to adjust the enhancement level.

start at any point on the smartwatch screen. We select these two types of menus, because they
represent the two extreme cases: the smallest (one for linear menu) and the largest (all items for
the pie menu) number of menu items that could be shown at a time.

Most participants preferred the linear menu, since the menu items in the pie menu were too
small to see (or read easily). However, two participants who had relatively good vision liked the
pie menu, since they could see all menu items at one time. The pie menu enabled them to select an
enhancement quickly. The pie menu was challenging for people who had peripheral vision loss.
Since their visual field was limited, they could not see all menu items at one time and had to scan
around to find and read all items, which increased the time to traverse all items. Considering the
fact that too few menu items shown on the screen at a time would increase the time of navigating
the whole menu, while too many menu items at a time would make each item too small to see for
the low vision users, we tried to get the preferable number to optimize the menu design. We asked
participants how many menu items they wanted to see on the screen at a time. Most participants
(six out of eight) preferred to have only one item presented on the screen at a time, explaining
that it was easier for them to focus on just one item. They also wanted the menu item text to be as
large as possible with high contrast, for example, using white text on a black background. Thus,
according to participants’ preferences, we used the linear menu (presenting one menu item at a
time) as our final design (Figure 6(a)).

Smartwatch interaction. Using the linear menu, we asked participants what gestures they
preferred to trigger the menu and select a menu item. All participants preferred a double tap ges-
ture (Figure 7(b)) to select a menu item, explaining that this was a standard method of selection
used on smartphone screen readers. Although they had functional vision, all participants had at
least some experience with screen readers on smartphones. To trigger the menu, most participants
chose a one-finger long press (Figure 7(a)). Although some participants suggested two-finger ges-
tures, such as a two-finger double tap, or a two-finger long press, we found that one finger gestures
were more effective because of the limited size of the smartwatch screen.

(2) Adjusting the Enhancement Level

When an enhancement or display mode is selected, the user enters the control mode of this
specific enhancement or display mode. For each enhancement method (except for Black/White
Reversal), we allowed users to adjust the enhancement level (e.g., magnification level, edge thick-
ness, window size for the Window Display Mode) from level 0 to 10. For the Window Display
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Mode, the user can also adjust the window size from level 0 to 10. Adjusting a parameter is a
slider-type interaction that needs to be performed with the limited screen of the smartwatch. As
such, we leveraged the edge of the smartwatch surface and allowed users to slide around the watch
screen in a clockwise (or counterclockwise) direction to increase (or decrease) the enhancement
level, as shown in Figure 7(c). The user can start this gesture at any point along the edge of the
screen. The system computes the enhancement level based on the rotation angle around the watch
surface center between the start and the current touch point. The enhancement level increases (or
decreases) one level when the user slides clockwise (or counterclockwise) around the watch 36 de-
grees. When we demonstrated this interaction technique, all participants felt it was both effective
and easy to use.

In terms of output, some participants suggested showing the value of the current enhancement
level on the ForeSee display during the adjustment, since it was hard to know what level they were
at, especially whether the enhancement has been adjusted to the highest or lowest level, only by
observing the enhancement effect. Thus, we provided this visual feedback at the top of the HMD
(Figures 8(b)-8(d)).

(3) Toggling an Enhancement On and Off

In addition to adjusting the enhancement level, we designed a way for users to turn on and off
an enhancement. Recall that when a user selects an enhancement from the menu with a double
tap gesture, she enters the enhancement control mode. At this time, she can double tap again on
the screen to toggle the enhancement on and off. For an enhancement method that only needs to
be triggered (i.e., black/white reversal, text extraction), a user can use a double tap to trigger and
cancel the enhancement. For an enhancement method that has multiple enhancement levels (e.g.,
magnification), a user can turn off the enhancement directly without adjusting the enhancement
level to zero. When she turns on this enhancement with a double tap, it will reload its previous
state (the level it was previously set to). All participants were satisfied with this design.

(4) Interaction Flow

Based on the three interaction techniques above, a user can easily select, combine, and adjust
different enhancements to customize their visual experience. We describe the interaction process
below (Figure 8).

When the system is launched for the first time, the default setting is the Full Display Mode
without any enhancement. To add an enhancement, a user can long press on the smartwatch
surface to trigger the linear menu that includes all enhancement methods and the Window Display
Mode, and then swipe to the left or right to switch the menu item (Figure 8(a)). When the menu
item is switched, we generate a movement animation to simulate the effect of the current menu
item moving away and the next one moving to the screen center, which can better attract the
user’s attention [63]. After the desired enhancement or display mode is shown on the display, the
user can double tap to select it and enter the control mode of this enhancement.

If an enhancement is selected for the first time, then its default enhancement level is 0 (Fig-
ure 8(b)). If the user selects Black/White Reversal, then the enhancement is triggered directly.
When an enhancement is selected, the user can move her finger clockwise or counterclockwise
around the watch face to adjust the enhancement level. The system presents the corresponding
enhancement level on the top of the user’s view on the HMD (Figure 8(c)). The user can also double
tap to turn off or back on the current enhancement (Figure 8(d)).

To add another enhancement, a user can simply long press to trigger the menu again and repeat
the above interaction process. To help the user easily continue the navigation, the system saves
the menu’s state. When the user triggers the menu again, the menu loads the menu item that she
selected last.
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Fig. 8. Interaction Flow of ForeSee (the images on the right column are the screen shot images a user can
see through ForeSee in each interaction step, and the smartwatch figures on the left column represent the
gestures to trigger a corresponding step): (a) Long press to trigger the menu and swipe to the left or right
to switch to a specific enhancement method; (b) Double tap to select an enhancement; (c) Clockwise or
counterclockwise slide to adjust the enhancement level; (d) Double tap to turn off/on the enhancement.
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If the user wants to use the Window Display Mode, then she can select it in the menu with
the same interaction and all enhancements she has selected will be rendered only in the Window.
To simplify the interaction, our current interaction design does not involve adjusting the window
position, but always keeps the window at the center of the HMD display in a square shape. The
user can slide clockwise (or counterclockwise) to increase (or decrease) the size of the window. We
illustrate the interaction flow of using the Window Display Mode in the Appendix (Figure A1l).

5.1.2  Summative Evaluation of the Interaction Techniques on a Smartwatch. After completing the
user-centered design process, we conducted a summative study with 11 low vision participants to
evaluate the usability of the touchscreen-based interaction techniques on a smartwatch.

Method

Participants. We recruited 11 people with low vision to participate in our study (5 females,
6 males) with a mean age of 55.6 (range: 33-74). None of these participants had participated in
the design iterations, while two (I4, I9) participated in the first study where we evaluated the
vision enhancements on ForeSee. Our recruitment criteria were the same with the first study. We
required that participants have “low vision,” and use vision enhancement tools such as magnifiers
or a CCTV on a regular basis. Volunteers who only use screen readers were not considered suitable,
since this served as an indication that they had too little vision to be considered “low vision.” Our
participants had a variety of vision conditions, as shown in Table 2. They were compensated $15
per hour and received up to $30 in reimbursement for travel expenses.

Apparatus. We implemented a new ForeSee prototype on a Google Nexus 5 smartphone in an
OCT17 VR headset, so that the system would not have to be connected to a laptop as the original
prototype did. We used the phone’s back camera to capture the surrounding environment and
rendered the different enhancement methods on the phone screen. We split the phone’s screen
into two parts as the displays for the user’s left and right eyes, and rendered the same images of
the enhanced environment, creating biocular vision. We did not implement the Text Extraction
method in this study, since it is only useful for text reading in the Window Display Mode.

We implemented the smartwatch-based interaction techniques on a Motorola Moto 360 smart-
watch. The smartwatch communicated with the smartphone through Bluetooth.

Procedure. Our study consisted of one lab session that lasted about 45 minutes. We started the
study with a brief interview asking the participants about their demographic information. We then
introduced ForeSee to the participants, including all the enhancement methods and display modes,
and the interaction techniques on the smartwatch. We asked them to freely adjust ForeSee to look
at the surrounding environment until they felt familiar with the system. We continued the study
when the participants confirmed that they memorized all touch gestures.

When evaluating the effectiveness and usability of the smartwatch interaction techniques, we
focused on two tasks: select an enhancement and adjust the enhancement level. We did not evalu-
ate the interaction technique of toggling on and off an enhancement, because it is too simple (only
a double tap gesture).

(1) Selecting an Enhancement. Participants first conducted the task of selecting an enhancement
for 10 trials. This task includes three steps: long press to trigger the menu, swipe to reach the target
enhancement, and double tap to select it. For each trial, we assigned the participant a target menu
item and said “start.” The participant then completed the task as soon as possible. We recorded the
time for each trial.

We counterbalanced the target enhancements in the 10 trials: Since the system saves the last
menu item that a user has selected, the menu might start from a different menu item in each trial.
Thus, we could not simply counterbalance the target items by assigning each menu item twice.
Instead, we counterbalanced the swipe behavior (including the minimum number of swipes and
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Table 2. Demographic Information of the 11 Participants Who Evaluated the Interaction Techniques

Age/ Legally
ID  Sex Diagnosis Blind Visual Field Visual Acuity Color Vision Tool Used
I1 62/M  Aniridia; Yes Not full; a little Not sure Good; not light sensitive CCTV, color reversal on
Glaucoma loss on the left computer, ZoomText,
VoiceOver on iPhone
12 74/F Pseudoxanthoma Yes Full Left: 20/400; Problem with subtle Magnifying glasses, ZoomText,
elasticum (PXE) Right: 20/300 colors, not light sensitive handheld CCTV
I3 74/M End-stage No Limited, one eye  20/60 after Problem with subtle Reading glasses, KNFB reader,
Glaucoma; does not have correction; colors; a little light magnification on computer
Scotoma; central vision 20/800 before sensitive and iPad, VoiceOver on iPhone
14 60/F Retinopathy of  Yes Full Left: 20/400; Good CCTV, magnifier glasses,
Prematurity Right: 20/300 monocular, ZoomText,
handheld magnifier
I5 51/F Stargardt’s Yes Has peripheral ~ Unknown, but ~ Problem with subtle Handheld magnifier, Ruby
Macular vision, but no low colors; light sensitive digital magnifier,
Dystrophy central vision magnification app with audio
on iPhone
I6  33/M Retinopathy of  Yes Full 20/200 Good color vision; light ~ Dictation and magnification
Prematurity, sensitive on iPhone, Grabber (OCR app),
Nystagmus AmpliVision (magnification)
17 53/M  Flecked retina Yes Limited central ~ Left: 20/200; Problem with low Glasses for contrast, Zoomtext,
syndrome; visual field; good Right: 20/400 contrast; light sensitive ~ CCTV, magnification on
Central scotoma peripheral vision android phone
I8 56/F Stevens-Johnson Yes Very limited Left: 20/150; Good color vision; light Handheld magnifier,
Syndrome Right: only light sensitive ZoomText, CCTV, Magic on
perception laptop
19 38/M Retinitis Yes Full 20/400 after Problem with subtle Color reversal and
pigmentosa correction colors; light sensitive magnification on computer,
magnification and dictation on
iPhone
110 44/M  Retinitis Yes No peripheral 20/200 Color blindness; not ZoomText, Amigo illuminated
pigmentosa vision sensitive to light handheld magnifier (10x)
111 67/F Glaucoma Yes Limited on the  Left: Unknown  Good color vision; light ~ Optelec handheld magnifier

right eye

but good; Right:
20/2500

sensitive

(2.5x/6D), magnification on
computer

the swipe direction) of each trial, since it represents the distance between different menu items.
With five items in the menu (four enhancement methods and the Window Display Mode), there
were five different swiping behaviors to reach an enhancement: no swipe, swipe once to the left,
swipe once to the right, swipe twice to the left, and swipe twice to the right. In the 10-trial user
study, participants should conduct each swipe behavior twice for counterbalancing purpose. For
each participant, we randomize the order of these swipe behaviors and generated a corresponding
enhancement sequence to assign to her in each trial. Note that the menu always started from
Magnification in the initial trial for each participant.

(2) Adjusting the Enhancement Level. Participants then were tasked with adjusting the enhance-
ment level for 10 trials. We used the magnification enhancement mode across all trials and partici-
pants. We first set the system to the control mode of Magnification and adjusted the magnification
level to 0. For each trial, we assigned participants a target level. When we said “start,” participants
completed the adjustment as quickly as possible. We recorded the time for each trial.

We counterbalanced the target enhancement level using the similar method as the
enhancement-selection task: Since the participants conducted the adjustment based on the en-
hancement level of the last trial, we counterbalanced the difference between the target level of a
current and previous trial. All participants should complete 10 different adjustment conditions in

ACM Transactions on Accessible Computing, Vol. 12, No. 4, Article 15. Publication date: December 2019.

RIGHTSE LI MN iy



Designing and Evaluating a Customizable Head-mounted Vision Enhancement System 15:29

Select an Enhancement Adjust Enhancement Level

9
8
7
6
ES
4
3
2
1
0
13 14 15 16 17 18 19 110 11

11 12

Mean Time (s)
O = N W s UV O N W

1 12 3 14 5 16 17 18 19 110 11

(a) (b)

Fig. 9. (a) The mean time each participant spent when selecting an enhancement. (b) The mean time each
participant spent when adjusting enhancement level.

the 10 trials: increasing 1 to 5 levels, and decreasing 1 to 5 levels. For each participant, we ran-
domized the order of the conditions and generated a corresponding enhancement level sequence
to assign to each trial. We ensured all the generated enhancement levels were between 0 and 10.
If they were not, then we generated a new sequence. The enhancement level always started from
Level 0 in the initial trial for each participant.

After participants completed the two tasks, we conducted a short interview, discussing the bene-
fits and weaknesses of the interaction techniques. We asked participants to assess the effectiveness
and usability of each interaction technique on a 7-point Likert Scale, where 1 represented not ef-
fective or usable at all and 7 represented extremely effective or usable.

Analysis. We video recorded the study and took notes during the study. We recorded the time
that participants spent in completing each interaction task from the video. We watched the videos
and transcribed meaningful participant quotes and summarized participants’ feedback on the de-
sign of the interaction techniques.

Results

When selecting an enhancement method, participants spent a mean time of 5.33 s to complete
the task (ranging from 3.19 s to 8.31 s, SD = 1.48 s). We present the mean time that each participant
spent in the 10 trials in Figure 9(a). For the task of adjusting the enhancement level, the mean time
participants spent was 3.19 s (ranging from 1.63 s to 6.56 s, SD = 1.77 s). Figure 9(b) shows the
mean time each participant spent when adjusting the enhancement level in the 10 trials. During
the study, we found that I1 and I2 spent relatively longer time than most other participants in
both interaction tasks, and I3 spent a long time when selecting an enhancement. We speculate
the reason: I1 had the lowest visual ability among all the participants and struggled reading the
visual information (e.g., the menu item, and the enhancement level) on the HMD. 12 and I3 were
the two oldest participants in our study (both 74 years old) and I2 did not have any experience of
using a touchscreen, so they were slower in performing touchscreen gestures on the smartwatch:
I3 sometimes had difficulty with the swipe gestures, while 12 generally moved slowly.

Participants rated the effectiveness and usability of the interaction techniques highly, as shown
in Table 3. For the technique of selecting an enhancement, participants’ mean score was 6.27 (SD =
1.19) for Effectiveness, and 6.91 (SD = 0.30) for Usability. For the technique of adjusting the en-
hancement level, participants’ mean score was 6.45 (SD = 1.04) for Effectiveness and 6.64 (SD =
0.67) for Usability.

In general, most participants liked our design and felt the interaction techniques on the smart-
watch were effective and easy to use. As 110 described, “I think it’s very simple. I thought it would
be more cumbersome, but the gestures are adequate. It’s not overly clunky, it’s not difficult to
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Table 3. The Histograms and Means of the Effectiveness and Usability Scores of the Two
Interaction Techniques: Selecting an Enhancement and Adjusting Enhancement Level
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manage, and it seems like even if I'm in motion I would still be comfortable with the watch.”
Even 12 who had never used any touchscreen devices learnt all our interaction techniques within
10 minutes. “It took some time to learn it, but it was not difficult. I wanted to use [ForeSee] for
shopping to look at the price tag...and looking at the street sign” (12).

However, 12 gave a low score (3) for the effectiveness when selecting an enhancement, because
she felt the text on the menu item should be larger. I3 felt it was challenging to adjust the enhance-
ment level and gave relatively low scores (4 for Effectiveness and 5 for Usability), because he was
not sure how much he should move his finger around the watch to get to a specific enhancement
level. He sometimes moved his finger over the target value and had to move back, which extended
his time. As I3 indicated, “It took me longer to learn, because I don’t know how far I should go [on
the watch surface] to go from [level] 7 to [level] 3.”

Participants suggested ways to improve the interaction techniques. Although they were able to
read the current menu item, some participants (e.g., I2, I7, [10) wanted the text to be larger. They
suggested using the first letter or a standard icon to represent an enhancement instead of using a
word. 17 said, “I like [the menu]. [But] maybe instead of a word, using a big W, a big M, E, C, BW,
kind of the way Google does their icons in the email. Another thing you might be able to do is
using a graphic for the menu items. Something instantly recognizable is good.”

When adjusting the enhancement level, participants accidentally triggered the menu, because
they rested their finger on the smartwatch surface (conducting a long press gesture) when deciding
how much they should slide. 16 suggested using a “tap and tap hold” to trigger the menu, since it
is a standard gesture for smartphone screen reader to represent a long press and it is not easy to
be accidentally triggered.

5.2 Speech Commands

We also designed a set of speech commands, providing eyes- and hands-free audio input to control
ForeSee, shown in Table 4. Besides speech commands that trigger the same functions as the touch
gestures on the smartwatch (Commands 1-7), we also provide two short cut commands that allow
users to select an enhancement and set the enhancement level to a specific value directly without
navigating the menu, see Commands 8 and 9 in Table 4. For the current version of ForeSee, the
user has to use the exact speech commands. If they say the wrong words, then the system will
verbally report “wrong command.”

6 EVALUATING INTERACTION TECHNIQUES FOR FORESEE

We evaluated the effectiveness of ForeSee’s two sets of interaction techniques separately (i.e.,
smartwatch interaction techniques and speech control) in a viewing task: reading small letters
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Table 4. Speech Commands to Control ForeSee

ID Speech Commands Function
1 Call Menu Trigger the menu
2 Left Switch to the previous menu item
3 Right Switch to the next menu item
4 Select Select the current menu item
5 Increase Magnification, Contrast, Edge, Increase the level of the corresponding
Window enhancement by one
6 Decrease Magnification, Contrast, Edge, Decrease the level of the corresponding
Window enhancement by one
7 Turn On, Off Magnification, Contrast, Edge, Turn on/off the corresponding enhancement or
Black/White Reversal, Window display mode
8 Use Magnification, Contrast, Edge, Get into the control mode of the corresponding
Black/White Reversal, Window enhancement or display mode directly
9  Set Magnification, Contrast, Edge, Window to ~ Adjust the corresponding enhancement level to
0-10 the specific number

on a faraway display. We chose this task because seeing small text at a far distance is a challeng-
ing but important task in people’s daily lives, for example, reading a street sign on the street.
The two types of interaction methods can be used together, but we evaluated them separately to
understand the benefits and weaknesses of each on their own.

6.1 Method

6.1.1  Participants. The same 11 low vision participants who took part in the evaluation of the
smartwatch-based interaction technique (Section 5.1.2) participated in this study. Table 2 shows
their demographic information. They were compensated $15 per hour and received up to $30 in
reimbursement for travel expenses.

6.1.2  Procedure. The study consisted of one lab session that lasted about 45 minutes. We intro-
duced ForeSee to the participants, including all the enhancement methods and display modes, the
interaction techniques on the smartwatch, and the speech commands. We asked them to adjust
ForeSee to look at the surrounding environment until they felt comfortable with the system and
the two sets of interaction techniques. We continued the study when the participants confirmed
that they memorized all touch gestures and speech commands.

We then asked participants to wear ForeSee and read small letters on a screen at a 10-foot dis-
tance. We simplify this reading task by using letters instead of text to reduce the time participants
spent in reading itself, since we wanted to evaluate the interaction with the system and not their
reading speed.

Participants sat 10 feet away from a large digital screen and read letters with ForeSee in two
conditions: (1) using touch gestures on the smartwatch; and (2) using speech commands to interact
with the system. Each participant conducted 15 trials of reading tasks in each condition. For each
trial, we first removed all the enhancements in ForeSee and presented a letter on the large screen.
We said “start,” indicating that the participants should begin adjusting the enhancements until
they could recognize the letter and read it aloud. If they misrecognized the letter, then we informed
them immediately and allowed them to continue adjusting the system until they recognized the
letter correctly. We asked the participants to complete the task as quickly as possible. We recorded
the time and the enhancements each participant selected for each trial.

We varied the size of the letters in three levels: 1, 2, and 3 inches in height. We randomized
the letter and the letter size for each trial but made sure each participant conducted five trials of
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Fig. 10. (a) A user who adjusted ForeSee to read a letter on a large screen. The inset on the bottom right shows
the visual effect on ForeSee’s head-mounted display after the user’s adjustment (Magnification+Black/White
Reversal). (b) A user is conducting a swipe gesture on the smartwatch surface.

reading tasks with each letter size in each condition. We also counterbalanced the order of the two
interaction conditions.

We concluded the session with a short interview. Participants discussed their experience of using
the smartwatch and speech commands to control ForeSee when reading the letters, including the
benefits, the weaknesses, and their suggestions for improvement. We also asked them to assess the
effectiveness and usability of both interaction conditions on a 7-point Likert Scale, where a higher
score represents a better experience.

6.1.3  Apparatus. The study was conducted in a well-lit conference room. The large screen we
used to present the letters was a 60.7 X 39.2-inch Panasonic Full HD display (TH-80LFC70). We
used black Arial (a sans serif font) letters on a white background during the study. Figure 10 shows
the setup of the experiment room and how a participant used the smartwatch to control ForeSee
and read a letter on the large screen.

Although we implemented speech recognition on ForeSee, we used Wizard of Oz to simulate
the speech control in the user study to minimize the confounding effect of speech recognition
errors. The researcher, acting as the wizard, responded to the participants’ spoken commands and
adjusted the parameters of the system remotely with another Google Nexus 5 smartphone via WiFi.
If the participants spoke an incorrect command, then the researcher said “wrong command.”

6.1.4  Analysis. We recorded the time that participants spent in completing each task from the
video. We analyzed the data with ANOVA. Our study had one within-subjects factor, Condition
(smartwatch interaction, speech), and one measure, Time. We defined a Trial (1-15) as one reading
task. To validate counterbalancing, we added another between-subjects factor, Order (two levels:
smartwatch-speech, speech-smartwatch), into our model. An ANOVA showed no significant effect
of Order on reading time (F(y,9) = 1.978, p = 0.193, for & = 0.05).

We video recorded the study and took notes during each session. We watched the videos and
transcribed meaningful participant quotes and summarized participants’ feedback on the design
of both sets of interaction techniques.

6.2 Results

6.2.1 Effectiveness. In the letter-reading task, no participants could read the letter with their
best correction (using their own standard glasses or contact lenses). However, with ForeSee, all
of them were able to read the letters correctly by adjusting the enhancements. We recorded the
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Fig. 11. The mean time each participant spent adjusting ForeSee to read letters on the large screen using
the smartwatch interaction techniques (orange) and the speech commands (green).
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Table 5. The Histograms and Mean Scores of the Effectiveness and Usability of the Two Sets of
Interaction Techniques: The Smartwatch Interaction Techniques and the Speech Commands
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time participants spent when adjusting ForeSee with the two different interaction techniques in
the letter-reading task. When using the touchscreen interaction techniques on the smartwatch,
participants spent a mean time of 12.25s (SD = 10.53 s) adjusting the system to read letters on the
screen that is 10 feet away. When using the speech commands, participants spent a mean time
of 9.06s (SD = 5.22 s) adjusting the system to read the letters. Figure 11 shows the mean time
each participant spent when adjusting ForeSee with the smartwatch and the speech commands,
respectively. With an ANOVA, we found no significant effect of interaction conditions (F(;,9) =
3.095, p = 0.109) on Time.

Most participants (7 out of 11) adjusted the system and read the letters in less than 10 seconds.
I1 and I10 spent more time than the other participants in both interaction conditions, since they
combined two enhancement methods, Magnification and Black/White Reversal, to read the letters
(see Section 6.2.3). I1 spent a particularly long time, because his vision was very low and struggled
seeing the menu items as he was adjusting the enhancement. This was similar to the result from
our summative study of the smartwatch interaction techniques (Section 5.1.2), when I1 spent a
relatively long time performing the interaction tasks with the smartwatch (Figure 9).

In general, participants enjoyed using ForeSee to read the letters. “It’s fantastic. It’s very simple
to use” (I7). Most participants gave high scores to both interaction conditions, as shown in Table 5.
When using the smartwatch, participants gave a mean score of 6.09 (SD = 1.51) for Effectiveness
of the interactions, and gave a mean score of 6.73 (SD = 0.65) for Usability. Compared with the
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smartwatch, participants gave a higher score for Effectiveness when using the speech commands
(mean = 6.91, SD = 0.30), but gave a lower score for Usability of the interaction techniques (mean =
6.18, SD = 0.87). We explain the reasons by comparing the two interaction conditions in the fol-
lowing section. However, we found no significant effect of interaction conditions on the subjective
scores for Effectiveness (V = 0, p = 0.098) and Usability (V = 23, p = 0.141) with Wilcoxon signed-
rank tests.

6.2.2  Subjective Responses to the Two Interaction Conditions. We compared the two interaction
conditions: touch gestures on the smartwatch and the speech commands. We found that most par-
ticipants (8 out of 11) spent more time performing the touch gestures on the smartwatch than
the speech commands (Figure 11). This is not surprising, because the interactions on the smart-
watch were more complex than the speech commands: While a user could use only one speech
command to add an enhancement (Command 8 in Table 3) or adjust the level of an enhancement
(Command 9), she had to trigger and navigate the menu to access a specific enhancement when
using the smartwatch. As I9 indicated, “The speech I think is easier to use, because you can set the
parameter directly. You don’t have to go through the menu.” This also explained why participants
gave a higher score to Effectiveness for the speech commands (Table 5).

Although the touch gestures on the smartwatch did not require vision, using a separate device
in addition to the HMD seemed to distract the participants. It was difficult for participants to locate
and track the letters on the screen, especially under a high magnification level. Many participants
(e.g., 12, 18, 110) felt that the letters “moved” much more when using the smartwatch than when
using the speech commands, even though they used the same HMD to look at the same set of
letters. We observed that although the participants did not look at the watch surface during the
control, their head and body moved with their hand gestures, which caused the magnified letter
to appear to move. Most participants did not notice their head movement, saying they kept their
head still. This may be because when they started adjusting the enhancements, their attention
switched from the HMD to their hands, and they unconsciously moved their head to the object of
their attention.

Interestingly, 12 noticed her body movement and said she did this to better conduct the touch
gestures:

“The speech is much easier. [When using the smartwatch], there’s some kind of move-
ment on the screen of that letter. I had a much harder time finding the letter...I'm
moving my body, to increase [the magnification level] I'm moving to the right, and
to decrease it I'm moving to the left. When I'm doing a gesture, my whole body is
moving with it. [The touch gesture] is a whole different experience to me.” (12)

This was also the main reason that I2 gave a very low Effectiveness score (2) for the touch
gestures on the smartwatch (Table 5).

However, three participants (I5, I8, and I11) spent more time using the speech commands than
using the smartwatch. They felt the commands were not natural enough, because they had to
memorize specific language. Since the current design only accepted specific words to trigger the
commands, participants sometimes spoke incorrect commands and could not recall the correct
ones immediately, which resulted in longer times to complete the reading task. For example, some
participants used “reduce magnification” (the correct command is “decrease magnification”), but
got the feedback of “wrong command.” Even participants who were faster when using the speech
commands felt that it was challenging to memorize all the commands. 16 said, “T hate fixed com-
mands, because we don’t talk like that...Every time when I wanted to say a command, I have to
think about it, because I have to say it in a certain way.” This explained why the speech commands
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got lower Usability scores than the touch gestures. Moreover, 17 preferred the smartwatch control,
because it protected his privacy better than the speech commands.

All participants liked the fact that they had two interaction options, so that they could choose a
suitable one for a given situation. “If I was outside, the only con about speech is the noise. It may
be too loud. [The system] may not hear me unless. Also, the [smartwatch] controls are good for a
quiet place where you don’t want to be singled out. But when you are outside in a public and open
space, and maybe you have some bags and walk down the street, you want to look at what the
street sign is, you can just say ‘set magnification to blah blah’ or ‘increase contrast,” that is totally
cool! [Combining the two interaction modalities] makes the system comprehensive and powerful”

(16).

6.2.3 Enhancement Selections When Reading the Letters. All participants used Magnification,
indicating that Magnification was the most effective enhancement for this reading task. I1 and 110
also used Black/White Reversal at the same time. Although all participants used Magnification, we
found that participants used different magnification levels when reading the letters. Many of them
also varied the magnification levels to see letters at different sizes. This echoed our prior finding
that customization was important for low vision tools.

When observing participants as they optimized their visual experience, we found that some tried
to find a specific pattern that worked best for them, and then used that pattern in the following
trials. For example, I3 and 19 used Magnification, Black/White Reversal, and Contrast Enhancement
for the first few trials, and found that Magnification was the most effective enhancement. So they
continued to use only Magnification in the rest of the study. As another example, when I1 and I7
used the smartwatch, they tried different Magnification levels in the first few trials. When they
found a specific level that worked well for all different letter sizes (I1: Black/White Reversal +
Magnification with level 7, I7: Magnification with level 10), they used this setting in the rest of the
study. Even participants who did not show clear pattern seeking behavior tended to use the same
enhancement combinations throughout the study (i.e., I1 and I10 used both Black/White Reversal
and Magnification, while others only used Magnification).

Participants emphasized the importance of saving a preferred combination of enhancements
and using a shortcut to trigger it. As 19 mentioned, “It would be nice if they stayed, like you set
personal preferences and then that’s just the way it always was...you are using the device as an
enhancement, so whatever you just setting up the enhancements is the way the best for you to
typically see things. And every time you turn it on, it should just set to those preferences.”

6.3 Discussion: Designing and Evaluating Interaction Techniques

Our study demonstrated that both the smartwatch gestures and the speech commands were effec-
tive interaction techniques, which enabled low vision users to customize their visual experience
and complete a far-distance letter reading task within a reasonable amount of time. All participants
liked the design of our interaction techniques and felt they were easy to learn and use. Moreover,
participants enjoyed having two interaction options, thus they could choose suitable interactions
for different scenarios. For example, using the speech commands on the go, while using the touch
gestures in a quiet environment (e.g., a classroom).

The most challenging aspect of using the smartwatch was participants’ tendency to uncon-
sciously move their head and body when interacting with it. This made it difficult to find and
track the letters on the HMD. This may be because participants were not used to conducting ges-
tures on a smartwatch, especially when not looking down at its screen. It is possible that their
head and body movements would lessen after some practice. Future work should consider a long-
term user study, observing the participants’ behaviors in their daily activities after they are fully
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familiar with the interaction techniques. A different hardware design can also mitigate head and
body movements. Instead of a smartwatch, we can add a touchpad to the HMD itself, as in Google
Glass, allowing users to interact with the HMD without switching their attention to another de-
vice. However, using the smartwatch does eliminate the need to rely on specific HMD designs,
allowing us to leverage mainstream devices.

In terms of limitations, our study involved only one task: reading a single letter that appeared in
high-contrast on a digital display. Although this is a challenging and important task, many other
viewing tasks need to be considered to evaluate the effectiveness of our interaction techniques,
for example, reading a long paragraph, or recognizing faces. As ForeSee has provided a platform
to enable low vision users to select and adjust different enhancements, many other user studies
could be conducted to investigate low vision people’s visual experiences in different visual tasks
based on this platform. Moreover, since ForeSee provides such a new experience, the scores partic-
ipants raised might be influenced by a novelty effect. Future research should consider a long-term
evaluation to reduce this impact.

7 DISCUSSION

Our research has demonstrated the potential of HMDs to benefit people with low vision. In the
first study, we showed that typical low vision enhancements such as magnification and contrast
enhancements are powerful in a head-mounted setting. Importantly, people adjusted the parame-
ters of the enhancements and combined them for the task and their particular visual ability. In the
second study, we showed that our designs of speech commands and smartwatch-based interac-
tion techniques enabled low vision people to effectively adjust and combine enhancements. These
interaction techniques can be used to adjust an HMD in a variety of scenarios according to the
user’s preference, allowing people to customize their visual experience for different daily tasks. Of
course, one prominent limitation at this time is the sheer size of the HMD itself. In its current form,
people with low vision are unlikely to use such a device, especially when on-the-go. We hope that
as HMD platforms continue to evolve, our work will spur innovation on how these devices can
best be used to provide access for people with low vision.

We discuss design considerations for future HMD applications for low vision people that
emerged from our research. First, customization (or “adaptability™ [29, 97]) was extremely use-
ful for low vision users to accommodate their visual experiences to their visual abilities and the
current viewing tasks. Participants showed different preferences for enhancements in our study.
In fact, they wanted even more ways to customize the system. When using Text Extraction, for
example, they wanted to be able to modify the properties of the extracted digital text. Following
a medical model of disability, prior work on low vision has tended to focus on specific eye dis-
eases, such as Glaucoma or Retinitis Pigmentosa (e.g., Reference [107]). However, we found that
there was as much diversity of preferences among people with similar vision conditions as there
was among people with different vision conditions. For example, P6, P9, and P10 all had Retini-
tis Pigmentosa with a limited field of view, but their preferences for vision enhancements were
largely different in both the reading and the image perception tasks (Figure 5). The medical model
of low vision rehabilitation typically uses clinical measures and etiologies to guide design. How-
ever, our research demonstrates the importance of empowering users by elevating their subjective
experiences. Giudice [32] has also argued that the medical practices are not necessarily the best
technique for the design of assistive technologies, emphasizing the importance of users’ subjective

4 Adaptability means that the system provides customization mechanisms but relies on the user to use those mechanisms.
Meanwhile, adaptivity means that the system has the capacity to dynamically adjust its interface in a way that is intended
to support the user [29].
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requirements and experiences. Performing daily tasks such as reading a novel or looking at a loved
one’s face are more than just a function of light entering a sensory organ. They are the convolution
of physical, social, and emotional processes based on our physiological makeup as well as our at-
titudes and desires. We are only beginning to understand how vision can be enhanced to improve
people’s daily experiences, but, as a starting point, our research demonstrates the importance of
providing a flexible system that allows users to adjust their visual experience according to their
ability, preference, and circumstance.

Although customization was beneficial to low vision users, adjusting the system could be dif-
ficult and time-consuming. Participants wanted the HMD systems to be adaptive by saving and
reloading their preferences based on use scenarios. Although there are no clear guidelines for
which enhancements are best, the system could automatically recommend the most suitable en-
hancement combination according to the environment (e.g., amount of light), the user’s visual
conditions (e.g., the user has limited peripheral vision), and the task (e.g., the user is reading mate-
rials up-close) to make interaction more efficient. Designers could consider using machine learning
and additional sensors to learn the user’s preferences in different environmental conditions to cre-
ate an adaptive system that learns from the user’s past inputs. Users should still be able to adjust
and reinforce these automatic settings.

Our research showed that traditional enhancements (those used in ForeSee) are not a one-stop
fix for low vision. As described in the design of ForeSee (Section 3), we studied enhancement
methods that were commonly used for low vision accessibility, abundant in low and high-tech
tools. In our study, however, we found that some enhancement methods did not work well for
some participants. For example, contrast enhancement is supported in almost all video and screen
magnifiers, but we found that it did not benefit people who were sensitive to light, because it
generated too much light. Moreover, although participants generally found magnification to be
the most effective enhancement, many participants (e.g., 12, 18, 110) struggled to locate the target
under high magnification levels, making the reading task slow and strenuous. This is an example
of one visual challenge (visual search) that was not addressed by traditional enhancements. Re-
searchers must continue to study visual perception and experience and innovate new methods to
complement (if not replace) these traditional enhancements in different tasks. For example, when
the magnification level was high, visual cues [120] could be used to orient the users’ attention
and help them locate the target text or object. Beyond visual augmentation, designers could also
consider multimodal feedback, leveraging audio and tactile feedback to compensate for the lack of
visual information.

We now turn to broader research directions that are spurred by our work. Our research indicates
that there is much potential for video see-through smartglasses. Video see-through (VST) glasses
are smartglass platforms that capture the user’s view with a camera, modify it, and present it
on a digital display that is mounted on the user’s face. By contrast, optical see-through (OST)
glasses project light over the user’s vision and allow users to see the real world with their natural
vision (e.g., Google Glass, Epson Moverio, HoloLens). As AR and smartglass technologies rapidly
advance, VST glasses have drawn much less attention than OST glasses, since they are bulky,
cover the users’ eyes, and cause disorientation or “VR sickness” [121]. However, for people with
low vision, VST glasses could be powerful assistive tools. They allow a complete manipulation
of the user’s view of the world, providing a unique opportunity to improve low vision people’s
vision directly using vision enhancements and augmentations. Interestingly, none of our low vision
participants indicated feelings of VR sickness during all the studies in this article. This is perhaps
explained by the fact that low vision people tend to be less sensitive to the quality of the visual
displays (e.g., resolution, frame rate) and many of them had a limited field of view. Simulating
these conditions (e.g., increasing the frame rate of the rendering, reducing the field of view) has
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been shown to reduce VR sickness in typically sighted people [28, 52, 55, 75]. VST glasses for low
vision are already commercially available. For example, eSight [26] and NuEyes [70] are relatively
lightweight VST glasses that look more like sunglasses than a phone mounted on one’s face. Both
these VST products and our promising findings showed that, with the rapid advance of computer
technology, VST glasses could also be the future of smartglasses, not only for people with low
vision but also for sighted users. When designing applications for smartglasses, designers should
also take into account VST glasses as a potential platform, designing features that can leverage the
advantages of VST platforms rather than only focusing on OST glasses.

With HMD devices getting more and more popular, people need suitable and flexible interaction
techniques to control the HMDs. We are the first to explore non-speech interaction techniques on
HMDs for low vision (and one of the first to explore interaction techniques for low vision on any
platform). Although existing smartglass products for low vision include controllers to allow users
to adjust their visual experience (e.g., eSight is connected to a controller with buttons, and NuEyes
has a wireless controller with buttons), they used specialized control devices. Moreover, these con-
trollers simply used specific physical buttons to control specific enhancements, so that the number
of buttons would increase linearly with the increase of supported enhancements or system com-
plexity. It is necessary to post design rules for smartglass interaction techniques for people with
low vision, and design rich interaction techniques to enable low vision users to interact with dif-
ferent smartglass applications rather than just selecting and adjusting basic vision enhancements.
Our research was the first exploration in this direction, yielding design insights for non-speech
interaction techniques on HMDs for low vision. For example, touch gestures on touchscreen-based
devices (e.g., smartphones, smartwatches) were effective to control smartglasses instead of a spe-
cialized device. A linear menu with one menu item on the glass display at a time is preferable, since
it is easier for low vision users to locate and read the menu item. Moreover, continuous sliding on
the touchscreen can be used for a slider-type interaction, however, it is important to design no-
ticeable feedback to inform users of the current status of the slider. While our study investigated
some basic interaction techniques (i.e., selection, menu navigation, slider control), more research
is needed to refine these interactions and also to extend to more interaction techniques such as
target acquisition, and text entry.

Last, we summarize the insights and lessons we learnt from our studies with people with low
vision. In our study, we used a qualitative method to evaluate the enhancement methods on an
HMD. Most previous work on HMD systems used quantitative studies to evaluate the system by
asking participants to conduct a specific task (e.g., a visual search task [27, 57]) and measuring
the speed and accuracy of the system performance. None of them focused on users’ visual experi-
ence and preferences when using a head-mounted vision enhancement system. Beyond quantita-
tively evaluating the interaction techniques, we adopted a different approach—a qualitative study
to evaluate the enhancement methods by analyzing users’ feedback and preferences for each en-
hancement in different viewing tasks. Users’ subjective feedback revealed more than expected.
Because a qualitative study is open-ended, participants discussed their experiences with the dif-
ferent enhancements during and beyond the study; they mentioned similar tools they had used in
the past, described specific situations where certain configurations of ForeSee may be helpful, and
suggested improvements to the current implementation. Our findings yielded a deeper and more
complete understanding of different conventional enhancement methods for different tasks and
visual conditions, providing insights that helped us understand low vision, and form guidelines
for designing future HMD applications.

We also faced several challenges when conducting the user studies that were specific to low
vision participants. Visual perception is complex, and it was challenging to understand the users’
visual experience. Although we asked participants’ visual conditions at the beginning of the study,
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they sometimes did not know how to quantify their visual ability (e.g., acuity, visual field), and their
visual experience did not always align with their diagnosis. Moreover, during the study, some par-
ticipants also had difficulty describing what they saw and how the enhancement methods affected
their visual experience. For example, when we showed P20 different enhancements in the study of
evaluating the enhancement methods, she usually gave vague comments such as “this is good” or
“I can see better,” but had a hard time describing why she could see better and what the difference
was between enhancement methods. We had to explain our questions several times and verify our
understanding of the participants’ description to ensure that we understood their experience.

While understanding visual perception was difficult, we found that asking participants to cus-
tomize their experience by combining enhancements helped us understand their visual experience
and the effect of the enhancements. For example, when experiencing different enhancements, P2
gave similar feedback for the enhancements in full display mode and window display mode, but
she finally chose full display mode for most viewing tasks and only window display mode in the
near-distance reading. This implied that she actually had a different visual experience when using
these two display modes, so we asked her why she preferred the different display modes for each
task. Customizing the system allowed users to clearly express a preference and allowed us to better
understand their experiences.

Our studies had some limitations, which provide directions for future work. First, some of the
vision enhancements can be further improved to better evaluate their effect on users’ experiences.
For example, when enhancing text with edge enhancement, we will consider adjusting the distance
between letters to reduce the crowding effect (i.e., the letters get closer than a critical spacing, mak-
ing the reading content difficult to be identified [80]). Second, while our current study focuses on
people’s qualitative experiences, quantitative measures would provide a more comprehensive un-
derstanding of the effectiveness of different vision enhancements on the HMD, such as measuring
users’ reading speed when using ForeSee. More data regarding users’ behaviors (e.g., head coordi-
nation, gaze direction) could also be collected to understand how people use ForeSee in terms of
both vision enhancements and interaction techniques.

8 CONCLUSION

In this article, we explored both the output and input of a customizable vision enhancement HMD
system for people with low vision. We first described an extensive user study with ForeSee to ex-
plore low vision people’s visual experiences when using different vision enhancements in different
viewing tasks. We then designed speech commands and smartwatch-based interaction techniques
to enable users to flexibly customize their visual experience. Our study demonstrated the potential
of HMDs to benefit people with low vision. Participants were able to read letters and recognize
images by adjusting and combining different vision enhancements in an HMD setting. The interac-
tion techniques we designed effectively enabled low vision people to interact with the HMD system
and customize their visual experience. We discussed design considerations for HMD applications
and spurred new research directions. As augmented and virtual reality technologies continue to
advance, we believe HMDs with well-designed interaction techniques will become powerful vision
enhancement tools for people with low and even typical vision.
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A APPENDIX
A.1 Interaction Flow for the Window Display Mode

(c)

Figure A1. Interaction Flow of ForeSee when using the Window Display Mode (the images on the right col-
umn are the screen shot images a user can see through ForeSee in each interaction step, and the smartwatch
figures on the left column represent the gestures to trigger a corresponding step). This figure illustrates the
steps of turning on the Window Display Mode and adding Black/White Reversal and Magnification in the
Window. (a) Long press to trigger the menu and swipe to the left or right to switch to the “Window” menu
item; (b) Double tap to turn on the Window Display Mode; (c) Clockwise slide to increase the window size.
The user can move her head to make sure the text she wants to read is in the Window; (d) Long press to
trigger the menu and swipe to the left or right to switch to the “B/W Reversal” menu item; (e) Double tap to
trigger the Black/White Reversal enhancement in the Window; (f) Long press to trigger the menu and swipe
to the left or right to switch to the “Magnification” menu item; (g) Double tap to trigger the Magpnification
enhancement in the Window; (h) Clockwise slide to increase the Magnification level in the Window.
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Figure A1. (Continued).
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