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ABSTRACT: Multiplexing is the transmission of two or more messages simultaneously over the same communication
channel in a way that enables them to be separated and used at the receiving end. The normal visual system provides
us with a very wide field of view at an apparent high resolution. The wide field of view is continuously monitored at
a low resolution, providing information for navigation and detection of objects of interest. These objects of interest are
sampled over time using the high-resolution fovea. Most disabling visual conditions impact only one of the components,
the peripheral low-resolution wide field or the central high-resolution fovea. The loss of one of these components
prevents the interplay of central and peripheral vision needed for normal function and causes disability. Traditionally
low-vision aids replace or supplement the missing function, but usually at a cost of a significant loss in the surviving
function. For example, magnifying devices increase resolution but reduce the field of view, whereas minifying devices
increase the field of view but reduce resolution. A proposal to resolve many of the problems of current visual aids by
exploring a general engineering approach—vision multiplexing—that takes advantage of the dynamic nature of human
vision is presented. Vision multiplexing seeks to provide both the wide field of view and the high-resolution information
in ways that could be accessed and interpreted by the visual system. This paper describes the use of optical methods
and computer technologies in the development of a number of new visual aids, all of which apply vision multiplexing
to restore the interplay of central and peripheral vision using eye movements in a natural way. (Optom Vis Sci 2001;
78:304–315)
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The population of the U.S. and other industrialized nations is
aging. Low vision or vision impairment affects mostly the
elderly. Consequently, both the absolute number of people

with visual impairment and the proportion of the population that
is visually impaired are expected to increase rapidly in the next two
decades. Prevent Blindness America1 reported that about 2.5 mil-
lion Americans over the age of 40 years have moderate visual im-
pairment and an additional 1 million have severe impairment in-
cluding blindness (about 300,000). About half of those with low
vision have age-related macular degeneration (ARMD). ARMD is
the most common cause of vision impairment. It affects the fovea,
the central retinal area used for high-resolution vision. Loss of
central vision reduces the patient’s ability to read, recognize faces,
watch TV, and drive. Peripheral field loss (PFL), which affects
patients suffering from glaucoma and retinitis pigmentosa (RP),
limits patient mobility because of the inability to spot obstacles and
difficulties in navigation.2, 3 About 2% of adults ,40 years suffer
from glaucoma (as many as 4% of nonwhite adults).1, 4 An esti-
mated 20 to 33.3 per 100,000 individuals suffer from RP.4, 5

Although the problem of reading can be solved in most cases for

patients with ARMD by using various types of magnifiers, and
large screens or telescopes may be effective for TV viewing, limited
help is available for face recognition. The current aids for patients
with peripheral field loss are largely ineffective. Minifying devices
are frequently rejected because of their negative impact on resolu-
tion,6 and most prism devices fail to expand the field,7 as discussed
further below. I propose to resolve many of these problems by
exploring a general engineering approach that takes advantage of
the dynamic nature of normal vision and the need for its restora-
tion. That engineering approach is vision multiplexing. Vision
multiplexing aims to provide the patient with access to both the
wide field of view and high-resolution view in ways that are acces-
sible by the visual system.

VISION MULTIPLEXING
WITH LOW-VISION DEVICES

Multiplexing refers to the transmission of two or more signals on
the same channel so that all information can be used at the receiv-
ing end. To enable the discrimination of the signals at the receiving
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end, they should be separated in some domain. In communications
(radio, TV, telephone, and fiber optics) temporal and frequency
multiplexing are common. Temporal multiplexing refers to alter-
nating the signals being sent at every instant. Frequency multiplex-
ing is implemented by placing separate signals on a different fre-
quency carrier similar to the transmission of radio or TV channel
signals at different radio frequencies. In fiber optics, spectral mul-
tiplexing refers to sending separate signals at different light wave-
lengths (colors). It is important to note that without the ability to
separate the signals received, multiplexing does not occur.

The visual system has evolved to provide us with a very wide
field of view (as much as 180°) at an apparent very high resolution
(about 1 min arc). Achieving high resolution over that wide field
instantaneously would require information transmission from the
eye to the brain that far exceeds the capacity of the optic nerves.
The visual system performs the task using temporal multiplexing
and variable spatial resolution. Although the wide field of view is
continuously monitored at a low resolution, it provides sufficient
information for navigation and the detection of targets of interest.
The central high-resolution fovea (about 1° in diameter) is scan-
ning or sampling targets only at about 5 samples per second using
mainly saccadic eye movements. Thus the high-resolution infor-
mation from a number of targets of interest is temporally multi-
plexed and provided for the brain. This approach, combined with
effective reconstruction algorithms, provides us with an apparently
high detail view over a wide field, even though at any instant only
a fraction of the field is seen in high resolution. The vision multi-
plexing devices described here take advantage of this reconstruc-
tion ability and other capabilities of the visual system by providing
multiplexing of the wide field of view and the high-resolution view
in various domains.

Most disabling visual conditions that cause low vision impact
only one of the components, the peripheral low-resolution wide
field or the central high-resolution fovea. The loss of central vision
is the hallmark of ARMD, the leading cause of visual impairment
in the elderly.8 Diabetic retinopathy, optic neuropathy, central
retinal vein occlusions, and other conditions also cause central field
loss (CFL).

PFL takes on two distinct forms. The first, tunnel vision, is a
severe constriction of the peripheral field leaving only the central 5°
to 10° of field functional (and frequently intact). This condition is
the result of RP, a leading cause of visual impairment in the
younger population, and glaucoma, which affects mostly the el-
derly. Although patients with peripheral vision in the better eye
limited to 20° of visual angle are considered legally blind, such
patients frequently function quite effectively. The impact of visual
field restriction on mobility is most significant when the loss is
severe in both eyes, to the level of #10° residual field.9 At this
point they face grave difficulties in mobility and frequently need to
use a cane or even a guide dog. (In advanced stages, RP and glau-
coma may affect the central field as well, and advanced diabetic
retinopathy may affect peripheral vision.)

The second type of PFL, hemianopia, is caused by brain injury
due to stroke, surgery, or trauma. Hemianopia is a loss of vision in
half of the visual field (on the right or the left) in both eyes.
Hemianopic field loss causes problems in mobility and navigation.
Patients frequently complain of bumping into obstacles on the side
of the visual field loss and getting bruised on their arms and legs.10

In all cases, the loss of one of the system’s components prevents
the interplay of central and peripheral vision that is essential for the
high performance discussed above, leading to loss of function,
impairment, and disability. Low-vision rehabilitation has tradi-
tionally addressed these problems by attempting to replace or sup-
plement the missing function, without sufficient attention to the
need to reconstruct the interplay of central and peripheral vision
and the use of eye movements. Thus, devices that increase resolu-
tion in CFL through magnification, e.g., electronic head-mounted
magnification devices such as the low-vision enhancement sys-
tem11 and the V-MAX (Enhanced Vision Systems, Huntington
Beach CA), completely rob the patient of the functional peripheral
vision necessary for navigation and safe mobility12 and therefore
have limited usefulness. Minifying devices such as the Amorphic
lens (a spectacle-mounted cylindrical reversed telescope) have been
used to increase the horizontal span of the field seen instanta-
neously by a patient with tunnel vision.13 However, these devices
reduce the resolution of the central field and require head move-
ments for scanning over a wider field of view.6 It is arguable that
intuitive integration of central and peripheral vision is necessary for
successful rehabilitation and the effective use of visual aids.

To provide vision multiplexing, the visual aid should multiplex
the missing component with the residual one in a way that is
accessible by the visual system. Thus, for the patient with CFL, the
high-resolution image (usually obtained with magnification)
should be multiplexed with the available wide field of view in a way
that will permit the visual system to separate the two and use them
in a natural way. Similarly, for a patient with PFL, a view of the
missing peripheral field should be multiplexed with the available
high-resolution central view. Here, too, the multiplexing should be
of such a nature that the visual system might use its natural capa-
bilities to separate the two views and use them effectively. This
article describes spatial multiplexing, in which the two views are
superimposed on each other; temporal multiplexing, in which they
alternate in time; bi-ocular multiplexing, where two different views
are presented to the two eyes; and spectral multiplexing, in which
the views are separated by color.

Discussed below are a number of new and potential multiplex-
ing visual aids, in various stages of development, that aim to restore
the natural interplay of central and peripheral vision. The presen-
tation is organized by device. Whenever appropriate, other devices
that have been used for the same condition are reviewed, and their
limitations are discussed. The new (and old) devices are classified
based on the type or types of multiplexing used. The discussion
starts with an example of the vision multiplexing principles em-
bodied in a successful existing low-vision device, the bioptic
telescope.

TELESCOPES: TEMPORAL, BI-OCULAR, AND
SPATIAL MULTIPLEXING

Bioptic Telescopes: Temporal and
Bi-Ocular Multiplexing.

Spectacle-mounted telescopes have been used as low-vision aids
for about 50 years. The results of most studies on the use and
effectiveness of telescopes was summarized in the introduction of a
recent paper by Lowe and Rubinstein.14 The magnification pro-
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vided by the telescope effectively compensates for the loss of reso-
lution suffered by patients with CFL and other causes of low vi-
sion. Thus, objects seen through the telescopes may be recognized
from distances at which they would not be recognized by visually
impaired patients with unaided vision. However, the field of view
through the typical low-vision telescope is narrow (6° to 12° for
83 to 33 telescopes, respectively).15 With such a narrow field,
navigation in the visual environment is difficult (and may be dan-
gerous) and requires scanning head movements rather than natural
eye movements. In addition, the magnified visual motion of the
environment seen through the telescope conflicts with the vestib-
ular head movement signal from the inner ear. This causes diffi-
culties in adaptation to devices when worn centrally in the specta-
cle lens and used continuously.16 Although in the U.S. low-vision
telescopes are occasionally used in the central position for specific
tasks, the most successful application of this technology is in the
bioptic position. In Europe, bioptic telescope use is far more lim-
ited, to the point that a recent survey of distance telescopes user
success from England did not even mention bioptics,14 and a new
system for fitting telescopes onto spectacle frames from the Neth-
erlands was designed only for centrally mounted telescopes.17 The
bioptic telescope is mounted at the top of the spectacle lens, above
the pupil of the better eye, with a slight inclination upwards (Fig.
1). The patient views the environment, most of the time, through
the regular spectacle lens (the carrier lens) enjoying the benefits of
intact peripheral vision. When a distant object is detected that
cannot be recognized with the reduced resolution, the patient tips
his head slightly down, bringing the telescope in front of the eye
and the object of interest into the field of view of the telescope. A
short examination (1 to 2 s) of the target through the telescope
provides the patient with the level of detail required for target
recognition. This use of temporal multiplexing makes the bioptic
telescope an effective, comfortable, and safe device. Low-vision

telescopes are permitted as visual aids to driving in 34 states in the
U.S.17a While driving, the bioptic telescope is used mostly for
reading road signs, examining traffic lights, and scanning far ahead
for possible obstacles18 and is in use only about 10% of the time. In
other situations, the telescope is used even less frequently, yet it
provides convenient, easy, comfortable, and safe access to detailed
vision at distance. It is quite possible that the ability to use bioptics
for driving in the U.S. is the cause for the different pattern of
prescription and use across the Atlantic.

The spectacle-mounted telescope can be fitted to one or both
eyes. A recent survey of users in England found that more than half
of the patients were fitted with binocular telescopes.14 The use of a
single bioptic telescope in a patient with two functional eyes is
bi-ocular multiplexing when the patient views through the tele-
scope. The magnification of the telescope results in an inherent
ring scotoma. If a 10° field of view is visible through a 4.03
telescope, it occupies a retinal area of 40°. The difference between
10° and 40° represents retinal area that cannot be used to image
other parts of the scene. Thus, a 4.03 telescope with a 10° field will
have a ring of 15° of the surrounding environment being obscured.
(This ring scotoma is a direct result of the magnification and has
nothing to do with the structure of the telescope case.) However, if
only a single telescope is used, the fellow eye continues to see the
part of the environment that is lost to the eye with the telescope.
This is an important safety feature because any threat or obstacle
appearing at that field location during the telescopic glimpse might
be detectable by a patient with a single telescope, but not by a
patient with binocular bioptic telescopes.

Micro Telescopes: Spatial Multiplexing.

Very small bioptic telescopes may be used in ways that provide
for spatial multiplexing. The BITA telescope19 is a very small Ga-
lilean telescope that is used in bioptic configuration. When the
BITA telescope is positioned on the carrier lens at a slight inclina-
tion just above the position where the line of sight intersects the
lens in primary position of gaze, it provides what the manufacturer
(Edwards Optical, Virginia Beach, VA) called Simulvision.19 With
the telescope in this position, the user can see a magnified view of
a part of the scene that appears just above the nonmagnified view of
the same area seen through the carrier lens. The two views are
available simultaneously, requiring no eye or head movement, and
as such are distinct from the temporal multiplexing that typifies the
regular use of the bioptic telescope. Because the magnified view is
seen above the unmagnified view, this use of the device permits the
user to obtain the magnified view without disrupting the full hor-
izontal field of view. Other than its small size and mounting posi-
tion, there is nothing special about the design of the BITA tele-
scope that provides for this property. Other small Galilean
telescopes used in the same way will provide the same advantage, as
seen in Fig. 2, obtained using the Microspiral Galilean telescope
(Designs For Vision, New York, NY).20 The Microspiral in its
standard mount did not provide the simulvision view provided by
the BITA because it was mounted in an adjustable ball-in-socket
structure that blocked the view through the carrier just below the
telescope.

The use of bioptic telescopes represents the successful imple-

FIGURE 1.
Bioptic telescope, an example of a visual aid that is successful due to
implementing a vision multiplexing principle (temporal multiplexing in
this case). The user views the world most of the time through the carrier
lenses. The telescope is used intermittently to inspect high-resolution
targets that are detected but not resolved through the carrier lenses. The
user is shown looking through the telescopes with the head tilted slightly
down. A binocular device is shown, although it is usually prescribed
monocularly. When used only over one eye, it also implements the
bi-ocular multiplexing principle. Photo courtesy of Designs for Vision.
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mentation of a number of multiplexing approaches. The shifting of
view with head movement is based on the temporal multiplexing
principle, the use of a single telescope by patients with two func-
tional eyes is an implementation of the bi-ocular multiplexing
principle, and the Simulvision that is possible with the BITA tele-
scope is an example of spatial multiplexing. Note that a single
device can implement and benefit from more than one form of
multiplexing. Increasing the levels of multiplexing available in-
creases the flexibility of the device and its utility. The lessons from
the successful use of bioptic telescopes have been applied to the
design of a number of novel devices and approaches. Described
below, these devices are now being developed and tested.

Implantable Miniaturized Telescope:
Bi-Ocular Multiplexing.

A combined spectacle-intraocular lens (IOL) telescope called the
catadioptric lens was proposed and implemented.21–24 In this design,
a high-negative-power IOL is implanted in place of the crystalline lens
and, in combination with a high-positive-power spectacle lens, it pro-
vides magnification. A bifocal IOL system developed by Allergan un-
derwent preliminary testing in the U.S. Despite the positive results
reported for such a system in a clinical trial,24 it has not been brought
to market yet. Bailey25 analyzed the performance of such a system
using a ray-tracing program and has argued that this kind of system
limits the effective field of view because it prevents scanning with eye
movements and requires scanning with head movements. The binoc-
ular use of the catadioptric lens also prevented it from providing bi-
ocular multiplexing.

A completely implantable miniaturized telescope (IMT) was
developed and tested recently by VisionCare.26, 27 A small optical
device, configured as a Galilean telescope, is implanted inside the

eye in place of the crystalline lens. The IMT is inserted and held in
position using a surgical procedure similar to that used when in-
serting a standard intraocular lens. Together with the cornea, the
IMT acts as a telephoto lens that is in focus at a nominal distance
of 50 cm. For closer and further distance views, spectacle lenses are
used. The main advantage of the IMT over a spectacle or head-
mounted low-vision telescope and the catadioptric lens is the flex-
ibility to scan reading materials and other images using natural eye
movements. Magnification within the eye eliminates the increased
speed of motion and vestibular conflict that impede the use of
other head-mounted low-vision telescopes.28

The IMT is designed for monocular use in patients with bilat-
eral acuity loss due to macular diseases and other retinal patholo-
gies. It provides 3.03 magnification and a 6.6° visual field (20° on
retina). The fellow eye is used to monitor the peripheral field and
enable mobility (bi-ocular multiplexing). Results of clinical trials
with .50 patients are encouraging, particularly because they dem-
onstrate that the bi-ocular multiplexing condition is acceptable to
most patients and seem to represent little difficulty in use.27 Fur-
ther evaluation of patients’ vision is needed, and better ways to
train patients in its use are currently being developed.

MINIFIED CONTOURS AUGMENTED VIEW FOR
TUNNEL VISION: SPATIAL, TEMPORAL, AND
SPECTRAL MULTIPLEXING

Minified Contours Augmented View:
Spatial Multiplexing.

Current devices for tunnel vision include minifying systems.
Minifying systems are usually reversed telescopes, either simple
devices29 or more complex devices such as the cylindrical tele-
scopes (e.g., the amorphic lens13) or the “fish eye” nonuniform
minifier that was implemented both as an optical device (door
security peephole) and as the electronic image remapper.30 These
devices do increase the instantaneous field of view, but in all cases
result in loss of spatial resolution and require scanning by head
movements instead of eye movements. Most patients reject their
minifiers because the benefits (modest increase in field of view,
e.g., double) do not compensate for the reduced resolution and the
need to scan using head movements rather than eye movements.6 A
recent study implemented the Amorphic minifying lens in a biop-
tic (lower) position to be used to view the car dashboard instru-
mentation during driving by patients with restricted field.13 This
study found an improvement in performance with the Amorphic
used this way, providing additional support to the concept of tem-
poral multiplexing. Unfortunately, the Amorphic was discontin-
ued by the manufacturer at about the same time, and it is not
available for further experimentation.

Recently, Peli31, 32 proposed a novel method that increases the
instantaneous field of view without loss of central resolution and
without restricting scanning eye movements, which would allow as
much as 43 minification. This method is based on the principle of
spatial multiplexing using augmented-reality techniques with a
head-mounted display (HMD) (Fig. 3). The system includes a
see-through HMD that may have a typical horizontal field of view
of about 25°. The patient can see the real world through the display
without any reduction in resolution or limitations on scanning eye

FIGURE 2.
The simulvision effect simulated with a camera. The effect is achieved
with a small Galilean telescope positioned at a slight angle just above the
line of sight. The magnified view appears above the unmagnified view
permitting continuous view of the horizontal field of view together with
high magnification view of a small segment. The photo was taken with a
Microspiral telescope by Designs for Vision, placed in front of the camera
lens. Note that it is easier to obtain the effect with a camera because the
aperture of the camera is larger than a pupil.
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movements. (Note that scanning larger angles than available
within the field of the display involves head movements even in
natural situations.) A miniature monochrome video camera
mounted on the HMD has a field of view substantially wider than
that of the display (factor of 3 to 4 wider). A portable processor
provides real-time (i.e., video rate) edge detection from the images
captured by the camera. The detected edges are displayed on the
see-through display as bright contours. The edges, which represent
a very wide field of view (75° to 100°) on a smaller field of view
HMD, are minified. Thus, the patient with the severely restricted
field of view (illustrated by the elliptical shaded area in Fig. 3) can
simultaneously see a full-resolution view of the real world and the
superimposed minified view represented by the edge contour map.
The contour map, which is of reduced resolution, provides the
patient with navigational information, which would otherwise be
outside his view. Because the contours are minified, their move-
ments (due to head movements) are slower, and they are easily
separated perceptually from the natural view of the world behind
them. Because the contours occupy only a small fraction of the
display area and are in constant motion, they rarely obscure any
detail of the real-world view for any length of time. This system
uses spatial multiplexing to provide the expanded scannable field of
view while maintaining the all-important high resolution of central
vision.

The patient’s ability to control the camera position with head move-
ments separately from eye movements provides an additional level of flex-
ibility. The patient can maintain the natural view (fixation) through the
display on one object or person and at the same time scan or select other
objects in the environment for simultaneous viewing by changing head

position. The same head movement control can be exercised to reduce or
eliminate interference from the contour image with the fixated object. A
video simulation of the effect may be viewed on the web at:
http://www.eri.harvard.edu/faculty/peli/papers/index.htm

A real-time (albeit slow at 5 to 6 frames per second) hardware
demonstration system was presented recently at the head-mounted
display special interest group (HMD-SIG) at the ARVO 2000
meeting. The system implemented a Mitsubishi prototype image
processing camera (M64283FP, Mitsubishi) mounted on a bicycle
helmet and a prototype unit of a see-through monocular head
mounted display (PC-Trek, Olympus, Japan). The system dem-
onstrated the ease in perceptually separating the two superimposed
views and the natural feel of the control of the minified view with
head movements.

Minified Contours Augmented View:
Temporal Multiplexing.

The same augmented vision system can also utilize temporal
multiplexing. By using an edge-detection algorithm that detects
only edges of objects in motion,33 the patient can control edge
detection in a static environment by controlling the camera move-
ments with slight head movements. While the head is stable, only
objects that move in the environment relative to the patient will be
detected and displayed as contours. If the patient moves his head
slightly, all edges in the environment will be detected and dis-
played. The patient thus can use slight head motion to temporally
control the level of contour display available at any instant.

FIGURE 3.
An illustration of the concept of minified augmented view for patients with severely restricted field of view
(illustrated as the small shaded elliptical area in the middle of the scene). The natural scene (gray scale
image) is seen through the display. A wide-angle camera mounted on the same device obtains a
wide-angle view, which is turned into contours and presented as white lines on the display. Thus, the
patient can see a wider part of the environment depicted in contours at each glimpse together with normal
resolution image through the display. The MicroOptical Eyeglasses display is illustrated.
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Minified Contours Augmented View:
Spectral Multiplexing.

An infrared camera or high sensitivity camera rather than a
standard video camera may be used in such a system to provide
visibility at night for patients suffering from night blindness. The
display may present the detected edges in red light, reducing the
light adaptation that would destroy the patient’s ability to view the
outside dark environment if white light were used. This use of
infrared detector and red display represent a different level of mul-
tiplexing (spectral multiplexing) that can be used to provide better
function with these devices, when properly engineered. Such a
system is currently being developed34 in our laboratory in collab-
oration with MicroOptical, using their unique miniaturized dis-
play technology.35, 36

It is apparent that various multiplexing principles can interact
and be integrated to provide more flexible and better functional
aids. Unlike the bioptic telescope, which is already in use as a
low-vision aid, the minified augmented vision system described
above still needs to be designed in detail, implemented, and tested
within the appropriate patient population.

PERIPHERAL MONOCULAR PRISMS FOR
HEMIANOPIA: BI-OCULAR, SPATIAL, AND
SPECTRAL MULTIPLEXING

Many devices have been considered and applied for the manage-
ment of hemianopic visual field defects. The effects of these devices
may be classified as providing field relocation (shifting) or field expan-
sion. Field expansion is the desired effect because it means that the
simultaneously seen visual field is larger with the device than without
it. Field relocation only exchanges the position of the visual field loss
relative to the environment or relative to the body’s midline. Binocular
sector prisms,37, 38 the most commonly used technique for hemi-
anopia (Fig. 4), provide only for field relocation.39

Monocularly fitted sector prisms9, 40 expand the field once the
patient changes his fixation to within the field of the prism. As long
as the patient’s eyes are at primary position of gaze or are directed
away from the hemianopic field, the monocular sector prism has
no effect on the field of view. Diplopia (double vision) and confu-
sion accompany the field expansion achieved when directing the
gaze into the field of the prism. Confusion refers to the appearance

of two different objects at the same perceived direction. Confusion
in this case represents the intended beneficial effect because it
represents the appearance of an object that would be invisible
without the prism. However, the central diplopia induced with it is
very unpleasant to the patient and may account for the lack of
success.38, 41 A successful hemianopic visual aid will expand the
field rather than relocate it, function in all positions of gaze, and
avoid the disturbing central diplopia.

These considerations led to the development of a new method of
field expansion.39, 42, 43 This new method involves a monocular
sector prism that is limited to the peripheral field (superior, infe-
rior, or both) (Fig. 5). The peripheral prism is placed across the
whole width of the spectacle lens, spanning both sides of the pupil,
so that it is effective at all lateral positions of gaze. The prism
expands the field via peripheral confusion and diplopia. Peripheral
diplopia, however, is much more comfortable for the user than
central diplopia because peripheral physiologic diplopia is a com-
mon feature of normal vision.44 The field expansion effect of the
prism is unaltered by eye and head movements over a wide range of
such movements to either side. The prisms used by this method
render the patient “exotropic” in peripheral vision while leaving
foveal vision unaffected. The constant peripheral exotropia pro-
vides a field expansion similar to that enjoyed by exotropic con-
genital hemianopes.45–47 Adaptation of peripheral vision that
changes the perceived direction has been reported by Kohler48 for
adult subjects wearing partial prisms. If such adaptation is found
for the hemianopic patients using the peripheral prism, it would
enable the field expansion to be useful and functional.

Thus, this design of hemianopia aids represents bi-ocular as well
as spatial multiplexing. Furthermore, the chromatic aberrations of
the prisms provide a spectral cue that may distinguish objects
viewed through the prism from those seen with the other eye. This
spectral multiplexing should facilitate adaptation to the prism by
reducing the ambiguity associated with the peripheral confusion,
clearly marking the objects as to the eye of origin. Tinting the
prism may provide an additional spectral cue to facilitate such
distinction.

The peripheral prism design described here provides for a field
expansion that is measurable by standard perimetry (Fig. 6). In
addition, because the prism affects only peripheral vision, a prism

FIGURE 4.
Binocular sector prisms have been commonly prescribed for homony-
mous hemianopia. For left hemianopia, the prisms with base to the left are
placed on both lenses, left sides up to the pupil. Note that these prisms
have no effect when the patient’s eyes are at primary position of gaze or
are looking right (where all visual stimuli originate). When the patient
looks through the prism, the field is simply shifted, not expanded. These
prisms also cause an optical scotoma at the center of the lens.

FIGURE 5.
An illustration of the peripheral prisms correction. For left hemianopia the
prisms are worn only over the left eye. They are restricted to the upper and
lower peripheral fields but extend across the whole lens so that they are
effective at any position of lateral gaze. Illustrated are both options a
simple mounted prism for the upper segment and a compound Fresnel
press-on prism on the lower segment.
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of higher power than previously applied for hemianopic correc-
tions can be used despite its inferior optical quality. Fresnel prisms
of 40 prism diopters have been fitted to more than 25 patients by
the author. The successful results with the first 12 patients were
reported recently.39 The field expansion of about 20° provided by
these prisms, across the vertical meridian, in all positions of gaze,
was reported by the patients to be very effective in providing the
necessary view needed to avoid obstacles while walking. In addi-
tion, patients reported an adaptation leading to veridical percep-
tion of the direction of objects detected with the prisms (however,
no formal testing of the mobility or adaptation has been conducted
to date).

Hemianopia causes problems with obstacle avoidance when
walking, especially in a crowded environment, and can cause dis-
tortion of space perception.49 Although the effect of hemianopia
on driving performance has been measured using a simulator,50, 51

its impact on driving in the real world is not known, probably
because driving with hemianopia is not permitted in most jurisdic-
tions. Because most patients with hemianopia can easily pass the

vision (visual acuity) screening tests at departments of motor vehi-
cles, many of these patients do drive, but their record is not
known.52, 53

TRI-FIELD PRISM CORRECTION FOR BINOCULAR
TUNNEL VISION: BI-OCULAR, SPATIAL, AND
SPECTRAL MULTIPLEXING

The existing prism treatments for patients with tunnel vision are
based on the field-shifting principle. The prisms are mounted on the
lens around a central clear portion (usually about the size of the central
residual field) with the prism bases always directed away from the lens
center. Thus, lateral prisms are aimed out from the lens center with the
right prism base to the right and the left prism base to the left. If used,
vertical prisms are placed with the base down for the lower prism and
base up for the upper prism. This approach has been popularized
recently with the InWave lens (InWave, Jansesville, WI54), which has
three prisms embedded in it with a nonprismatic channel between
them. The prism lenses are fitted binocularly for patients with two

FIGURE 6.
Visual field measured without and with the peripheral prism correction (40 PD). A: Goldmann monocular fields of a patient with right lower
quadrantanopia secondary to seizures. The right eye field is shown in the solid lines, and the left eye field is the dashed lined. B: The binocular field
recorded with a lower prism segment shows about 20° of field expansion in the lower field. In this case, the segment was mounted low on the carrier
lens. C: The Goldmann monocular fields of a patient with left hemianopia secondary to a stroke. D: The binocular field recorded with upper and lower
segments shows a similar expansion of both the upper and lower fields.
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functional eyes and may be used monocularly if only one eye is func-
tional. The effect of the prism is presumed to shift the field of view
inside (more centrally) when scanning eye movements bring the eye
into the field of the prism on the spectacle. In fact, the prisms cause an
optical “Jack in the Box” scotoma at the apex of the prisms, and, as a
result, the user faces an additional optical scotoma in a ring of about 6°
around the central field of gaze with the spectacles. The optical sco-
toma may be overcome with a combination of eye and head move-
ments, but whether this approach represents an appropriate treatment
for PFL is questionable. The InWave lens, which provided such cor-
rection in an attractive molded lens containing the patient’s prescrip-
tion, is no longer available, and I am not aware of any study reporting
its use.

Peli55 developed a prismatic solution that implements the bi-
ocular multiplexing concept. Therefore, this approach is useful only
for patients with binocular vision. Unlike previous approaches, the
tri-field lens does not simply shift the instantaneous field of view
but expands it. The prisms are applied to one eye only, usually the
eye with worse visual acuity. The prism may be applied either in
the same or in the opposite direction than in the InWave design,
with the apices or the bases toward the center of the lens, respec-
tively (Fig. 7). In the preliminary clinical trial, thus far, only two
lateral prism segments have been used. No space or clear lens is
needed between the prisms. The power of the prisms (expressed in
degrees) should be equal to or slightly larger than the horizontal
extent of the larger field (better eye) to prevent diplopia.

With these prisms in place, the better eye can continue to scan
the environment freely and as effectively as it did before the treat-
ment. While the better eye is scanning, the contralateral eye is

brought into the field of one prism and then the other. When the
eye is in front of the right prism, for example, the functional field
of that eye is presented with a segment of the scene (from either the
right or left side of the scene depending on the prism configuration
used) that does not overlap with the scene segment seen by the
better eye. Because the two scene segments that are simultaneously
in view do not overlap, the patient does not have diplopia, which
would result if such glasses were worn by a person with normal
vision. However, because the two nonoverlapping sections of the
scene fall on the foveae of both eyes, they are perceived to be in the
same direction relative to the observer, leading to “confusion”, i.e.,
two objects seen in the same place (Fig. 8). When the scanning
movements bring the worse eye to the field of the second prism (on
the left) the segment seen will be transferred, and a segment from
the other side will be visible. Thus with these prisms in place, the
scanning eye movements provide, in addition to the normally
available central field, similarly scanned peripheral scene segments
on either the right or left, depending on the position of gaze and
the prism configuration used.

When the eye is centered on both prisms, scene segments from
both sides will be available as shown in Fig. 9. The availability of
three different scene segments in this position is the source for the
name “tri-field” assigned to this treatment. When the eyes are out
of the primary position of gaze, only one of the prisms provides an
additional view (Fig. 8).

Although it was expected that the patient could discriminate the
side being seen by using the direction of the color fringes caused by
the prisms, it was found that the fringes and their difference were
not sufficiently obvious in most environments (note that lower-
power prisms are used in this design compared with the power used
in the hemianopia correction). Thus, additional help is needed to
indicate to the patient the real-world side of an object seen with the

FIGURE 8.
Simulations of the instantaneous appearance of an airport terminal scene
(top inset) using the base-center tri-field lens design on a right gaze. Note
that the left prism has no effect. The unaided eye is viewing the woman to
the right, while the view through the right prism provides for the more
centrally located scene segment, which is in the walking path of the
patient.

FIGURE 7.
Two possible designs for the tri-field lenses. In both cases, the prisms
(Fresnel prisms shown) are mounted in front of one eye only, usually the
eye with smaller field or lower acuity. A: Base-center, both prisms
mounted with their bases at the center of the lens in front of the pupil. B:
Apex-center design. In both cases, the prism power (expressed in degrees)
is adjusted to be just larger than the wider visual field extent. The small
segment without prism at the bottom of the lens permits binocular reading
or other near-point (stereo) activities without the prisms.
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prism. Currently, we are using a red tint on one of the prisms to
achieve this effect, again applying spectral multiplexing to separate
the two overlapping images.

If patients find the constant presence of multiple images caused
by this arrangement difficult, it may be possible to use the prisms
only on a portion of the lens, leaving either the top or bottom or
both segments of the lens clear (Fig. 7). In this arrangement, the
patient can move his gaze to the top clear bioptic or the bottom
clear position whenever he wishes to avoid the multiple images.
This mode of use will combine temporal multiplexing with the
bi-ocular multiplexing that is the basis for this aid design. This is a
further example of the possibility of combining various approaches
in the design and use of many devices.

DYNAMIC CONTROL OF MAGNIFIED DISPLAY
COMBINED WITH SPATIAL MULTIPLEXING

Patients with a loss of resolution due to CFL could benefit from
modification in information displays. The most common modifi-
cation used today is magnification, which may impede the acqui-
sition of peripheral information attained in normal vision by the
use of eye movements. This problem may be addressed in many
cases by dynamic control of the display. The control may be auto-
matic, under the user’s control, or a combination of both. Dy-

namic display of text for patients with CFL was investigated by a
number of laboratories.56–59 We propose to apply a similar ap-
proach to improve access to television.

In collaboration with DigiVision (San Diego, CA), we are de-
veloping a system (Fig. 10) of magnifying television images for the
visually impaired using electronic or computational magnifica-
tion.60 The user could select the desired level of magnification
using a remote control and might vary the magnification used from
time to time. Only part of the scene can be presented on the screen
at the higher magnification. Consequently, large parts of the scene
become invisible. One can effectively select the point in the image
on which to center the magnified view, and this information can be
broadcast or transmitted with each frame.

The system requires preprocessing of a video program to select a
point in each video frame that should be centered on the screen
when the image is magnified. This selection should maintain the
most relevant details in view, to the degree possible, when magni-
fied. A trained observer using a cursor visible over the playing video
could select the point. The selected point of regard could poten-
tially be determined automatically using image processing. We are
using eye movement recordings from normally sighted observers
watching the video program, which could be averaged to deter-
mine the desired center of the magnified view.

As a magnification is selected, the system would magnify the

FIGURE 9.
Simulations of the instantaneous appearance of the same airport terminal scene, in primary position of
gaze, with a severely restricted field using the base-center tri-field lens design. Top image: binocular view
without correction (this is also the monocular view through the unaided eye). Bottom middle image:
binocular view with the base-center tri-field lens. The views through the prisms provide scene segments
to the left and right, respectively, which are superimposed on the view from the eye without prism. Note
the exchange of position of the right and left views in the binocular view. This exchange makes the
base-center confusing and thus less desirable than the apex-center design.

312 Vision Multiplexing—Peli

Optometry and Vision Science, Vol. 78, No. 5, May 2001



image as required and shift it to center the selected portion on the
screen. In addition, it is possible for the user to override this func-
tion such that other parts of the magnified image may be scrolled
onto the screen and viewed. The override or roaming function is
likely to be useful only in static situations and scenes. In fast-
moving scenery (as in a typical movie), there is no time to scan the
scene before it changes. However, there are many television pro-
grams, varying from game shows to talk shows, where such an
override may be useful. In addition to its use for television viewing,
the same system can be used for any videotape, DVD, or other
method of presenting motion videos.

The concepts of dynamic control of magnified display and mul-
tiplexing described above can be combined using wide-band en-
hancement. The full image may be processed to obtain the en-
hanced display by superimposition of the contour edges over the
displayed image. If the image is magnified, the contour edges may
remain unmagnified. This hybrid presentation would provide the
patient with increased resolution of the important details via mag-
nification. However, at the same time, the contour outline will
provide a view of the original video frame compensating for the
limited field of view inherent in the magnified view. Using the
outline view, the patient may choose when to reduce magnification
for a larger field of view or when to override the frame centration
and explore by manual control other parts of the video. This re-
turns the situation to the spatial multiplexing discussed above. The
only difference is that here the field restriction for which we correct
is due to the magnification, not the patient’s visual system. Again,
this illustrates that the various approaches proposed here can fre-
quently be combined to provide added benefits. Note also that
when the magnification is reduced to unity, the overlaid contours
provide a wide-band image enhancement.61 The same wide-band
enhancement could be used in a see-through HMD to provide an
enhanced view of the real scene seen through the display (Fig. 11).

In this application, as in the augmented vision for tunnel vision,
discussed above, only bright contour lines can be used, whereas
contours of both polarities may be used in the enhancement of
television. The use of wide-band enhancement is also more chal-
lenging because it requires alignment of the contour lines with the
see-through image. Such alignment is neither needed nor possible
with the tunnel vision application.

CONCLUSION

Developing visual aids is an important aspect of vision rehabilita-
tion. One is always seeking guiding principles in the development of
new devices and techniques. Attention to the way the visual system
performs its remarkable tasks in the normally sighted observer is a very
useful place to start searching for these clues to success. In noting the
well-known interplay of central and peripheral vision in integrating
vision, the concept of vision multiplexing was developed as a useful
guide. The idea of multiplexing has led to a number of the new ap-
proaches and devices proposed here. Designing the various devices was
relatively easy once the general concept was conceived. Developing
these many ideas into a useful or at least testable products and carrying
out such evaluations will be the more daunting task. The difficulties
we face ahead were discussed in a symposium on the subject at the
1990 meeting of the Academy of Optometry and subsequently in a
special issue of this journal.62 The rewards of development of even one
successful low-vision device, however, override any concerns about the
journey there.
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FIGURE 10.
A block diagram of the dynamic position of magnified view in TV system.
The zoom system will accept the coordinates of the image point to be
centered at each frame and enable control of magnification via a remote
control. The edge detection system will generate contour representation of
the full video frame. The video blender will combine the images. The
output video will include the magnified properly centered image and,
superimposed on it, the contour diagram of the whole video frame.

FIGURE 11.
An illustration of the concept of augmented vision using wide-band
enhancement for patients with CFL. The edge map computed from a video
of the see-through scene is superimposed on the display as bright con-
tours. Here the visual field of the camera is identical to the angular span
of the display, and exact registration is required (unlike the system illus-
trated in Fig. 3). The two views also have to be aligned, which may not be
easy to achieve.

Vision Multiplexing—Peli 313

Optometry and Vision Science, Vol. 78, No. 5, May 2001



Received June 22, 2000; revision received December 19, 2000.

REFERENCES

1. National Society to Prevent Blindness in America. Vision Problems
in the U.S.: a Statistical Analysis. Schaumburg, IL: Prevent Blindness
America, 1994:1–20.

2. Szlyk JP, Alexander KR, Severing K, Fishman GA. Assessment of
driving performance in patients with retinitis pigmentosa. Arch Oph-
thalmol 1992;110:1709–13.

3. Turano KA, Rubin GS, Quigley HA. Mobility performance in glau-
coma. Invest Ophthalmol Vis Sci 1999;40:2803–9.

4. Robinson B, Acorn CJ, Millar CC, Lyle WM. The prevalence of
selected ocular diseases and conditions. Optom Vis Sci 1997;74:
79–91.

5. Pagon RA. Retinitis pigmentosa. Surv Ophthalmol 1988;33:137–77.
6. Fasce F, Bettin P, Luca G, Brancato R. Effects of minification on

visual performance in advanced glaucoma. In: Stuen C, ed. Vision
Rehabilitation: Assessment, Intervention and Outcomes. Lisse: Swets
& Zeitlinger, 2000:177–9.

7. Brilliant RL. Rehabilitation of peripheral field defects. In: Brilliant
RL, ed. Essentials of Low Vision Practice. Boston: Butterworth-
Heinemann, 1999:251–65.

8. Klaver CC, Wolfs RC, Vingerling JR, Hofman A, de Jong PT. Age-
specific prevalence and causes of blindness and visual impairment in
an older population: the Rotterdam Study. Arch Ophthalmol 1998;
116:653–8.

9. Jose RT, Smith AJ. Increasing peripheral field awareness with Fresnel
prisms. Optical J Rev Optom 1976;12:33–7.

10. Faye E. Clinical Low Vision. Boston: Little, Brown, 1976:233–54.
11. Massof RW, Rickman DL. Obstacles encountered in the develop-

ment of the low vision enhancement system. Optom Vis Sci 1992;
69:32–41.

12. Peli E. Limitations of image enhancement for the visually impaired.
Optom Vis Sci 1992;69:15–24.

13. Szlyk JP, Seiple W, Laderman DJ, Kelsch R, Ho K, McMahon T. Use
of bioptic amorphic lenses to expand the visual field in patients with
peripheral loss. Optom Vis Sci 1998;75:518–24.

14. Lowe JB, Rubinstein MP. Distance telescopes: a survey of user suc-
cess. Optom Vis Sci 2000;77:260–9.

15. Nguyen A, Nguyen A-T, Hemenger RP, Williams DR. Resolution,
field of view, and retinal illuminance of miniaturized bioptic tele-
scopes and their clinical significance. J Vis Rehab 1993;7:5–9.

16. Demer JL, Porter FI, Goldberg J, Jenkins HA, Schmidt K. Adapta-
tion to telescopic spectacles: vestibulo-ocular reflex plasticity. Invest
Ophthalmol Vis Sci 1989;30:159–70.

17. Chmielowski RJM. The DEC-System for fitting telescopes in Home-
Trial Frames. In: Blom TJM, ed. Developments in Low Vision, Ab-
stracts of the 4th European Conference on Low Vision, Eurosight
2000. Veldhoven, The Netherlands: DeBlauwe Kamer Theofan
Groep, Visio, National Foundation for the Visually Impaired and
Blind, 2000:22.

17a. Peli E, Peli D. Driving with Confidence: A Practical Guide to Driv-
ing with Low Vision. World Scientific, Singapore. New Jersey, 2001,
in press.

18. Jose RT. A call for action—driving with bioptic aids. J Rehabil Op-
tom 1983;Fall:3.

19. Harkins T, Maino JH. The BITA telescope: a first impression. J Am
Optom Assoc 1991;62:28–31.

20. Hoeft WF. The microspiral Galilean telescope. Problems Optom
1991;3:490–4.

21. Choyce P. Intra-Ocular Lenses and Implants. London: HK Lewis,
1964:156–61.

22. Donn A, Koester CJ. An ocular telephoto system designed to improve
vision in macular disease. CLAO J 1986;12:81–5.

23. Willis TR, Portney V. Preliminary evaluation of the Koziol-Peyman
teledioptric system for age-related macular degeneration. Eur J Im-
plant Refract Surg 1989;1:271–6.

24. Koziol JE, Peyman GA, Cionni R, Chou JS, Portney V, Sun R,
Trentacost D. Evaluation and implantation of a teledioptric lens sys-
tem for cataract and age-related macular degeneration. Ophthalmic
Surg 1994;25:675–84.

25. Bailey IL. Critical view of an ocular telephoto system. CLAO J 1987;
13:217–21.

26. Lipshitz I, Loewenstein A, Reingewirtz M, Lazar M. An intraocular
telescopic lens for macular degeneration. Ophthalmic Surg Lasers
1997;28:513–7.

27. Peli E, Dotan G, Aharoni E, Sadeh A, Lipshitz I. Implantable min-
iaturized telescope for low vision. In: American Academy of Optom-
etry, Madrid 2000. Madrid: American Academy of Optometry,
2000:22.

28. Peli E, Lipshitz I, Dotan G. Implantable miniaturized telescope
(IMT) for low vision. In: Stuen C, ed. Vision Rehabilitation: Assess-
ment, Intervention and Outcomes. Lisse: Swets & Zeitlinger, 2000:
200–3.

29. Jose RT, Spitzberg LA, Kuether CL. A behind the lens reversed
(BTLR) telescope. J Vis Rehab 1989;3:37–46.

30. Loshin DS, Juday RD. The programmable remapper: clinical appli-
cations for patients with field defects. Optom Vis Sci 1989;66:
389–95.

31. Peli E. Wide-band image enhancement. U.S. Patent Application,
09/234,846. 1999.

32. Peli E. Augmented vision for patients with tunnel vision. Optom
Vision Sci 1999;76(Suppl):102.

33. Castleman KR. Digital Image Processing. Englewood Cliffs, NJ:
Prentice-Hall, 1979.

34. Vargas-Martin F, Peli E. Augmented vision for tunnel vision: off the
shelf implementation. In: Optical Society of America Annual Meet-
ing and Exhibit, Providence, Rhode Island. Washington, D.C.: Op-
tical Society of America, 2000:92.

35. Spitzer MB, Aquilino PD, McClelland RW, Olson MH, Rensing
NM, DiMarzio CA, Zavracky PM, Lemoncelli A, Hilliar J. Optical
approaches to incorporation of displays within glasses. SID J 1998;6:
211–2.

36. Holzel T. Are head-mounted displays going anywhere? SID J 1999;
10:16–8.

37. Rossi PW, Kheyfets S, Reding MJ. Fresnel prisms improve visual
perception in stroke patients with homonymous hemianopia or uni-
lateral visual neglect. Neurology 1990;40:1597–9.

38. Cohen JM, Waiss B. Visual field remediation. In: Cole RG,
Rosenthal BP, eds. Remediation and Management of Low Vision. St.
Louis: Mosby, 1996:1–25.

39. Peli E. Field expansion for homonymous hemianopia by optically
induced peripheral exotropia. Optom Vis Sci 2000;77:453–64.

40. Gottlieb DD. Method of using a prism in lens for the treatment of
visual field loss. US Patent 4,779,972, 1988.

41. Gottlieb DD, Allen CH, Eikenberry J, Ingall-Woodruff S, Johnson
M. Living with Vision Loss. Atlanta, GA: St. Barthelemy Press, 1996.

42. Peli E. Peripheral diplopia expanding the field of hemianopes. Op-
tom Vis Sci 1998;75(Suppl):24.

43. Peli E. Field expansion for homonymous hemianopia using prism
and peripheral diplopia. In: Vision Science and its Applications. OSA
Technical Digest Series. Vol 1. Washington, DC: Optical Society of
America, 1998:74–7.

44. Bishop PO. Binocular vision. In: Adler FH, Moses RA, eds. Adler’s

314 Vision Multiplexing—Peli

Optometry and Vision Science, Vol. 78, No. 5, May 2001



Physiology of the Eye: Clinical Applications. St. Louis: CV Mosby,
1981:575–649.

45. Herzau V, Bleher I, Joos-Kratsch E. Infantile exotropia with homon-
ymous hemianopia: a rare contraindication for strabismus surgery.
Graefes Arch Clin Exp Ophthalmol 1988;226:148–9.

46. Göte H, Gregersen E, Rindziunski E. Exotropia and panoramic vi-
sion compensating for an occult congenital homonymous
hemianopia: a case report. Binoc Vis Eye Muscle Surg Q 1993;8:
129–32.

47. Levy Y, Turetz J, Krakowski D, Hartmann B, Nemet P. Develop-
ment of compensating exotropia with anomalous retinal correspon-
dence after early infancy in congenital homonymous hemianopia.
J Pediatr Ophthalmol Strabismus 1995;32:236–8.

48. Kohler I. The formation and transformation of the perceptual world.
Psychol Issues 1964;3:14–173.

49. Kerkhoff G, Zoelch C. Disorders of visuospatial orientation in the
frontal plane in patients with visual neglect following right or left
parietal lesions. Exp Brain Res 1998;122:108–20.

50. Szlyk JP, Brigell M, Seiple W. Effects of age and hemianopic visual
field loss on driving. Optom Vis Sci 1993;70:1031–7.

51. Schulte T, Strasburger H, Muller-Oehring EM, Kasten E, Sabel BA.
Automobile driving performance of brain-injured patients with visual
field defects. Am J Phys Med Rehabil 1999;78:136–42.

52. Johnson CA, Keltner JL. Incidence of visual field loss in 20,000 eyes
and its relationship to driving performance. Arch Ophthalmol 1983;
101:371–5.

53. Keltner JL, Johnson CA. Visual function, driving safety, and the
elderly. Ophthalmology 1987;94:1180–8.

54. InWave. InWave Optics: Prescribing Guide. Janesville, WI: InWave,
1998.

55. Peli E. Tri-field lens correction for binocular tunnel-vision patients.
Optom Vision Sci 1999;76(Suppl):102.

56. Legge GE, Rubin GS, Pelli DG, Schleske MM. Psychophysics of
reading: II. Low vision. Vision Res 1985;25:253–65.

57. Rubin GS, Turano K. Reading without saccadic eye movements.
Vision Res 1992;32:895–902.

58. Fine EM, Peli E. Computer display of dynamic text. In: Vision ’96.
Proceedings of the International Conference on Low Vision, 1996,
Book 1. Madrid, Spain: ONCE, 1997:259–67.

59. Fine EM, Peli E. Benefits of rapid serial visual presentation (RSVP)
over scrolled text vary with letter size. Optom Vis Sci 1998;75:191–6.

60. Kazuo S, Shimizu J. Image scaling at rational ratios for high-
resolution LCD monitors. In: Morreale J, ed. Society for Information
Display 2000 Digest of Technical Papers. San Jose, CA: Society for
Information Display, 2000:50–3.

61. Peli E. Wide-band image enhancement for the visually impaired.
Invest Ophthalmol Vis Sci 1998;39:S398.

62. Peli E. Difficulties and roadblocks in applications of hi-tech to low
vision. Optom Vis Sci 1992;69:1–2.

Eli Peli
Schepens Eye Research Institute

20 Staniford St
Boston MA 02114

e-mail: eli@vision.eri.harvard.edu

Vision Multiplexing—Peli 315

Optometry and Vision Science, Vol. 78, No. 5, May 2001


