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ABSTRACT

Simulating mobility tasks in a virtual environment reduces risk for research subjects, and allows for improved
experimental control and measurement. We are currently using a simulated shopping mall environment (where subjects
walk on a treadmill in front of a large projected video display) to evaluate a number of ophthalmic devices developed at
the Schepens Eye Research Institute for people with vision impairment, particularly visual field defects. We have
conducted experiments to study subject's perception of "safe passing distance" when walking towards stationary
obstacles. The subject's binary responses about potential collisions are analyzed by fitting a psychometric function,
which gives an estimate of the subject's perceived safe passing distance, and the variability of subject responses. The
system also enables simulations of visual field defects using head and eye tracking, enabling better understanding of the
impact of visual field loss.

Technical infrastructure for our simulated walking environment includes a custom eye and head tracking system, a gait
feedback system to adjust treadmill speed, and a handheld 3-D pointing device. Images are generated by a graphics
workstation, which contains a model with photographs of storefronts from an actual shopping mall, where concurrent
validation experiments are being conducted.

1. INTRODUCTION

When a person suffers loss of vision, simply walking down a hallway, or finding the grocery store present a new set of
challenges. The mobility and navigation skills that were once taken for granted often need to be completely re-learned.
The Vision Rehabilitation Lab at the Schepens Eye Research Institute is studying the impact of visual impairment on
mobility and is developing devices to help people regain some of their lost autonomy. People of particular interest are
those who suffer from Retinitis Pigmentosa, (RP, affecting 1 in 4,000 people worldwide [1]), and people with
homonymous hemianopia. There are about 5 million stroke survivors in the United States [2], and as many as a third of
these suffer homonymous hemianopia or hemi-neglect as consequence [3]. These two conditions deprive people of
some visual information, but still leave substantial parts of the visual system completely intact and fully functional.
When looking straight ahead, a normal sighted observer can see objects more than 90 degrees to the left or right of
“straight ahead,” and can see about 60 degrees above and 80 degrees below depending on facial structure. People with
hemianopia generally have normal vision to one side of the central vertical meridian in both eyes, but have no vision on
the opposite side. People with RP progressively lose use of their peripheral vision, but retain central vision through
much of the progression of the disease. People are considered legally blind when the horizontal extent of their vision is
less than 20 deg in diameter. Most people with less than 10 degrees (diameter) of remaining vision have difficulty with
walking tasks [4,5].

The loss of peripheral vision on one or both sides limits the area over which a person can gather visual information at a
given instant, and is the strongest visual determinant of reduced mobility. Except when people adopt new eye movement
strategies, large parts of a their environment becomes, effectively, invisible. People often experience an increase in the
frequency of collisions with objects in their environment, presumably due to either failure to see these objects, or failure
to correctly judge the obstacles’ relative location and trajectory. We have developed three devices for people with visual
field defects and are in the process of evaluating their effectiveness at improving the ability to detect and avoid
collisions.
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1.1. Ophthalmic devices

The ophthalmic aids we are developing all seek to use “Vision multiplexing” to expand the effective visual field [6].
The devices do this by relocating visual information from a part of the visual field lost to disease to a part of the visual
field that is still functioning. These devices all overlay this relocated information on top of the visual information seen
with the remaining vision. Multiplexing potentially allows people to monitor a larger visual area without making eye
moments but still permit free eye movement for foveal inspection of the detected object.

1.2. Trifield

For people with RP, we have developed a spectacle design (Fig. 1 left) where one of the two lenses is replaced by a pair
of abutting prisms that meet at their apices at a vertical seam aligned with the center of the patient’s pupil. The other eye
is fitted with a standard spectacle lens. When looking straight ahead, three images fall in the remaining visual field: the
image of what is “straight ahead” of the subject (seen through the standard lens) and a image containing peripheral
views from the left or right of center depending on direction of gaze that are refracted by one of the two prisms to also
fall within the subject’s remaining central vision. If prism powers are chosen to be greater than the angular diameter of
the patient’s visual field, with small scanning eye movements, a tripling in effective visual field can be obtained over
time (doubling at any instant).

1.3. Peripheral prism

For people with hemianopia, we developed a spectacle designed for displacing visual information across the vertical
meridian, from the side without vision to the side with remaining vision. To accomplish this, standard spectacles are
fitted with a prism at the top and bottom of one spectacle lens on the side of the visual loss (Fig. 1 center). The prisms
(with base to the direction of the visual field loss) are placed above and below the subject’s central vision, leaving an
unmodified central view of the visual scene. When looking straight ahead however, both the upper and lower visual
fields receive visual information from two locations: The eye with the standard spectacle lens sees as it would with
normal glasses while the other eye receives information horizontally displaced from corresponding locations above and
below center of the blind hemifield. People wearing this device have an effective visual field expansion in the upper and
lower periphery that extends into the blind hemifield by the power of the prisms attached to the spectacle lens.

1.4. Peripheral head-mounted display

An alternative device (Fig. 1 right) for people with RP consists of a pair of spectacles with an embedded monochrome
video display at the center of one lens [7]. The device also incorporates a miniature forward-facing wide-angle camera
mounted on the temple of the spectacles. A pocket-sized image processor converts the video signal from the camera into
a edge-enhanced “cartoon” of the environment in front of the wearer. Through this device, the wearer sees the physical
world with an overlaid wide-angle view in one eye. The overlaid wide-angle view has the potential to help people detect

obstacles over a much wider area than without the device.
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Figure 1: Ophthalmic devices to be evaluated in our walking simulator. These devices move visual information into the remaining
visual field. From left to right, devices are the Trifield spectacles (Section 1.2), the Peripheral Prism spectacles (Section 1.3) and the
Peripheral head-mounted display (Section 1.4).

1.5. Mobility assessment experiments

We are conducting a number of navigation, mobility and visual performance experiments to evaluate the usefulness of
our ophthalmic devices. Real-world experiments include an evaluation by an orientation and mobility instructor of
walking and navigating in a shopping mall, a traffic gap monitoring task at a complex intersection, and visual search
and pointing tasks to evaluate accuracy of locating objects in the extended visual field. To complement these real-world

SPIE-IS&T/ Vol. 5666 425



experiments, we are developing a number of simulated navigation and mobility tasks to further evaluate performance.
To this end, we have developed a walking simulator that allows for precise control of a subject’s visual environment not
possible in real-world experiments while also allowing for more thorough measurement of subjects’ behavior as they
make use of the devices. In addition, experiments in our virtual environment allow us to test subject’s ability to make
judgments about obstacles without the risk of actual collisions with those obstacles.

2. APPARATUS

Our walking simulator (Fig. 2) consists primarily of a large video screen situated in front of a treadmill. Subjects walk
on the treadmill and are presented with an on-screen view of a simulated environment. Images are generated by a
graphics workstation and are projected onto the screen by a high-resolution LCD projector. The walking simulator also
incorporates a magnetic tracking system to monitor subjects’ head and hand movements during experiments. The head
tracking system can be combined with a head-mounted video eye tracking system enabling the recording of subjects
gaze point within the simulated environment. In addition, modifications have been made to the treadmill hardware to
allow the treadmill to adjust its belt speed to match a subject’s gait.

Figure 2: Research subject standing in the walking
simulator. The subject wears a safety harness attached
to the ceiling for safety and to front and rear anchors
to provide balancing forces for active control of the
treadmill speed. Subject is shown viewing the model
of the Arsenal Mall in Watertown Massachusetts.

2.1. Treadmill

In our simulator, subjects walk on a Woodway Desmo S Treadmill. The treadmill has a motor drive system capable of
moving the 22 x 68 inch walking surface at speeds up to twelve miles per hour. In addition, this treadmill can be set to a
passive mode, where the belt rolls freely. While other treadmills we tested presented substantial resistance when
switched off, the treadmill we selected has a bearing system supporting the belt that dramatically reduces this resistance.
This allowed us to run experiments where subjects set their own walking pace by “pushing” the treadmill belt back with
each forward step. Early tests with the treadmill revealed that some subjects felt more comfortable walking on the
treadmill when it was flanked by wooden staging: When the treadmill was first installed without this staging, the
walking surface sat about twelve inches above the floor of our lab. Walking on the treadmill required stepping up onto
the belt, which was difficult for some of our subjects. The wooden staging allows subjects to climb up to the height of
the belt on solid ground, and then step easily from the staging onto the treadmill. In addition, the staging provides a
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visual ground plane that is level with the treadmill belt, reducing the impression that subjects are standing a foot above
the floor. Mounted in the staging is a set of removable PVC railings. These railings further facilitate stepping onto and
off of the treadmill, and give subjects something to grab on to if they lose their balance during an experiment. For
additional safety, we have modified the ceiling above the treadmill to support a suspended nylon harness. Subjects wear
the harness while on the treadmill, and the suspending line is tensioned to ensure that the subject will not strike walking
surface should a fall occur during walking. The harness also provides mounting points for additional lines used in some
experiments to keep subjects centered on the treadmill belt. In experiments where the treadmill is used in non-motorized
mode, tethers run between the front of the harness and the PVC railing at the front edge of the treadmill, as well as from
the back of the harness to the rear wall of our lab (a few feet behind the rear of the treadmill belt). These tethers anchor
the subject at the midpoint of the treadmill, forcing the treadmill belt to slide back as the subject pushes against it during
walking.

2.2. Video projection

Images are projected onto a 67 x 50 inch front-projection video screen placed at the front of the treadmill. The screen
made from a flexible translucent material that is stretched over a tubular metal armature. The armature is mounted
above the wooden staging, placing the screen’s center at about eye level for most subjects, just forward of the front edge
of the treadmill belt. Images are projected onto the screen by an Epson PowerLite 9100i LCD projector mounted on a
stand on the far side of the screen. The projector has a native resolution of 1366 by 1024 pixels, of which we use 1280
by 960 pixels to project an image matching the aspect ratio of our screen. We chose to use a projected display instead of
the head-mounted displays often used for virtual environments research because of the physical constrains head-
mounted displays impose. Head-mounted displays have either a small field of view—too small for our application—or
heavy optical systems to expand this field. In addition, the optics in head-mounted displays are usually close to the
subject’s eyes, which precludes the use of our ophthalmic devices.

2.3. Head and hand tracking system

Head and hand tracking are performed with an Ascension Flock Of Birds magnetic tracker (Ascension Technology
Corporation, Burlington, VT). Our configuration consists of two cable-mounted location and orientation sensors, and an
Extended Range Transmitter. Sensors are wired to control electronics in cabinets on the staging to either side of the
treadmill, and the Extended Range Transmitter, a one-foot cube, is situated on a wooden tower two feet to the right of
the treadmill. The magnetic tracking system works by generating oriented magnetic fields in the transmitter, and sensing
those fields with coils in each of the sensors. The transmitter contains three perpendicular coils, each energized
independently in a repeating sequence. Each of the sensors also contains three perpendicular coils, and senses the
strength of the magnetic field in each dimension as each coil in the transmitter is energized. By comparing relative
strengths of the generated fields, the tracking system can derive the orientation of each sensor relative to the transmitter.
By measuring the absolute strength of the fields, distance between transmitter and each sensor can be found.

The magnetic tracking system measures sensor location and orientation with precision acceptable for our application
(measurement noise rarely exceeds 1/10™ of an inch or 1/10™ of a degree), but the measurements exhibit spatial
distortion that varies in magnitude and direction over the usage envelope. This distortion is usually attributed to the
presence of metallic objects in the vicinity of the tracking hardware that interact with the generated magnetic fields used
for tracking. We use a calibration apparatus to measure distortion in our tracking environment. We then apply a
polynomial correction function (based on the calibration measurements) to all data from the tracking system [8,9].

The magnetic sensor used for tracking head movement can be mounted on an adjustable headband worn by the subject.
We mounted the sensor on a Lego brick and use this brick to attach the sensor to the headband. The modularity of the
Lego system allows us to quickly and securely attach our head-tracking sensor to the headband, or directly to a variety
of head-mounted devices including our eye-tracking headgear. The sensor used for tracking hand movement is attached
to a Logitech TrackMan Live wireless mouse (Fig. 3). When used in conjunction with the wireless mouse, subjects can
point to objects in the virtual environment, and respond with button presses all from the same device.
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