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(57) ABSTRACT

Methods and systems for modifying or enhancing vision are
described. In exemplary embodiments, neural or neuromus-
cular activity is analyzed to determine a focus or other quality
of a visual input, and the focus or quality information used as
a basis for controlling an adjustable lens system or optical
system.
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METHOD AND SYSTEM FOR ADAPTIVE
VISION MODIFICATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is related to, claims the ear-
liest available effective filing date(s) from (e.g., claims earli-
est available priority dates for other than provisional patent
applications; claims benefits under 35 USC § 119(e) for pro-
visional patent applications), and incorporates by reference in
its entirety all subject matter of the following listed applica-
tion(s); the present application also claims the earliest avail-
able effective filing date(s) from, and also incorporates by
reference in its entirety all subject matter of any and all
sibling, parent, grandparent, great-grandparent, etc. applica-
tions of the following listed application(s):

[0002] 1. U.S. patent application entitled TEMPORAL
VISION MODIFICATION, naming W. Daniel Hillis, Rod-
erick A. Hyde, Muriel Y. Ishikawa, Edward K. Y. Jung,
Nathan P. Myhrvold, Clarence T. Tegreene and Lowell L.
Wood, Ir. as inventors, filed substantially contemporane-
ously herewith.

[0003] 2. U.S. patent application entitled VISION MODI-
FICATION WITH REFLECTED IMAGE, naming W.
Daniel Hillis, Roderick A. Hyde, Muriel Y. Ishikawa,
Bdward K. Y. Jung, Nathan P. Myhrvold, Clarence T.
Tegreene and Lowell L. Wood, Jr. as inventors, filed sub-
stantially contemporaneously herewith.

[0004] 3. U.S. patent application entitled METHOD AND
SYSTEM FOR VISION ENHANCEMENT, naming
Eleanor V. Goodall, W. Daniel Hillis, Roderick A. Hyde,
Muriel Y. Ishikawa, Edward K. Y. Jung, Nathan P. Myhr-
vold and Lowell L. Wood, Jr. as inventors, filed substan-
tially contemporaneously herewith.

[0005] 4. U.S. patent application entitled ADJUSTABLE
LENS SYSTEM WITH NEURAL-BASED CONTROL,
naming Eleanor V. Goodall, W. Daniel Hillis, Muriel Y.
Ishikawa, Roderick A. Hyde, Edward K. Y. Jung, Nathan P.
Myhrvold and Lowell L. Wood, Jr. as inventors, filed sub-
stantially contemporaneously herewith.

TECHNICAL FIELD

[0006] The present application relates, in general, to the
field of optical systems for improving and enhancing vision.

BACKGROUND

[0007] The use of lenses for correcting vision problems
produced by deficiencies in the optical system of the human
eye has been known for many years. FIG. 1A illustrates, in
schematic form, the anatomy of the human eye 10. Light
enters eye 10 through cornea 12, passes through lens 14, and
strikes retina 16, the light-detecting inner surface of the eye.
The fovea 18 is a central region of retina 16 having particu-
larly high acuity. Lens 14 is attached around its periphery to
zonular fibers 20. Zonular fibers 20 are connected to ciliary
body 22. Ciliary body 22 is a sphincter muscle which opens
when it is relaxed, thereby generating tension in zonular
fibers 20. Ciliary body 22 releases tension on zonular fibers
20 when it is contracted. Lens 14, because of its inherent
elastic properties, tends to assume a rounded form when it is
not subject to external forces. Thus, when ciliary body 22
contracts, lens 14 becomes more rounded, while relaxation of
ciliary body 22 produces flattening of lens 14. Cornea 12

Jul. 3, 2008

provides a significant portion of the refractive power of the
optical train of the eye, but the capacity for accommodation is
contributed by lens 14.

[0008] FIG. 1B illustrates a relaxed (unaccommodated) eye
10, in which lens 14 is flattened. As indicated by the solid
lines in FIG. 1B, light from distant objects will be focused on
retina 16 (and specifically, on fovea 18) by lens 14, but light
from near objects (indicated by the dashed lines) will be
focused behind the retina, and thus appear out of focus at the
retina. FIG. 1C illustrates an accommodated eye 10, in which
lens 14 has assumed a more rounded form. In the accommo-
dated eye, light from near objects (indicated by dashed lines)
is focused on retina 16 (fovea 18), while light from distant
objects (indicated by solid lines) is focused in front of the
retina, and thus is out of focus at retina 16.

[0009] In a normal, healthy eye, adjustment of lens 14 is
sufficient to focus images on retina 16 within a wide range of
distances between the visual target-object and the eye. Myo-
pia (near-sightedness) and hypermetropia (far-sightedness)
occur when images entering the eye are brought into focus in
front or in back of the retina, respectively, rather than exactly
on the retina. This is typically caused by the eyeball being too
long or too short relative to the focal-adjustment range of the
lens. Eyeglasses with spherical focusing lenses of the appro-
priate optical refractive power can be used to compensate for
myopia or hypermetropia.

[0010] Another common and readily corrected visual prob-
lem is astigmatism, a focusing defect having orientation-
dependence about the optical axis of the eye that may be
corrected by interposition of a cylindrical lens having appro-
priate refractive power and axis-angle of orientation. Other
visual focus problems exist as well (e.g., coma and other
higher order optical aberrations), but are less readily charac-
terized and more difficult to correct in a practical manner. In
general, focal problems caused by irregularities in the dimen-
sions of the cornea, lens, or eyeball can be corrected, provid-
ing the optical properties of the eye can be characterized and
a suitable (set of) optical element(s) manufactured and then
positioned relative to the eye.

[0011] Aging subjects may experience presbyopia, a
decrease in the ability to focus on proximate visual targets
caused by reduced flexibility of the eye lens relative to the
tractive capabilities of the operative musculature attached
thereto. Difficulty in focusing on such proximate visual tar-
gets can be alleviated with the use of ‘reading glasses’. Sub-
jects who require correction for myopia as well as presbyopia
may use “bifocal” glasses having lens regions that provide
correction for both ‘near’ and “far’ vision. The subject selects
the type of correction by looking toward the visual target
through the appropriate portion of the lens. Elaborations and
extensions on such systems are now common, including “tri-
focal glasses” and “progressive glasses,” the latter featuring a
continuous gradation in optical properties across a portion of
the eyeglass and thus of the visual field thereby regarded.
[0012] Adjustable optical systems are used in a wide vari-
ety of devices or instruments, including devices that enhance
human vision beyond the physiological range, such as tele-
scopes, binoculars, and microscopes, as well as a numerous
devices for scientific and industrial applications independent
of human vision, such as in test, measurement, control, and
data transmission. Such devices typically make use of com-
plex systems of multiple lenses and optical components that
are moved with respect to each other to provide a desired level
of focus and magnification. Adjustable lens systems that have
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been proposed for use in eyeglass-type vision enhancement
include electroactive lenses, as described in U.S. Pat. Nos.
6,491,394 and 6,733,130 and various types of fluid lenses, as
described in U.S. Pat. Nos. 4,466,706 and 6,542,309, as well
as assorted multi lens systems (see e.g., U.S. Pat. Nos. 4,403,
840 and 4,429,959).

[0013] Various methods have been developed for measur-
ing neural activity. Electrical measures of neural activity can
be obtained from electrodes positioned within a neural struc-
ture to record activity from one or a few cells, or from elec-
trodes placed on a skin surface to measure electrical fields,
typically representing the activity of multiple cells. Magnetic
fields generated by the nervous system can also be measured
by devices such as SQUIDs (superconducting quantum inter-
ference devices), which may be placed on the scalp to mea-
sure magnetic fields from the brain. Other methods, such as
magnetic resonance imaging and optical (spectroscopic)
measurements permit neural activity to be determined indi-
rectly by measuring correlates of brain activity such as blood
flow or metabolic activity. Similarly, muscle activity can be
assessed through measurement of electrical and magnetic
fields generated by muscles (e.g.. electromyographic mea-
sures or EMG), as well as by measurements of muscle force,
displacement, or related parameters.

SUMMARY

[0014] A method and system for providing adaptive vision
modification uses one or more adjustable lenses. Automatic,
real-time lens adjustment may be used to correct the subject’s
near and far vision during routine activities or to provide
vision enhancement beyond the physiological ranges of focal
length or magnification, in support of specialized activities.
Automatic lens adjustment may be based upon detection of
neural or muscular activity correlated with the orientation or
the state of focus of the eye. Various features of the present
invention will be apparent from the following detailed
description and associated drawings.

BRIEF DESCRIPTION OF THE FIGURES

[0015] The features of the present invention are set forth in
the appended claims. The invention may best be understood
by making reference to the following description taken in
conjunction with the accompanying drawings. In the figures,
like referenced numerals identify like elements.

[0016] FIG. 1A illustrates the anatomy of the eye;

[0017] FIG. 1B illustrates focusing of the normal eye for
distance vision;

[0018] FIG. 1C illustrate focusing of the normal eye for
near vision;

[0019] FIG. 2 illustrates an embodiment in which compo-
nents are mounted in an eyeglass frame;

[0020] FIG. 3 is a schematic diagram of an embodiment of
the invention as depicted in FIG. 2;

[0021] FIG. 4 is a flow diagram of the operation of the
embodiment of FIG. 3;

[0022] FIG. 5 illustrates an alternative embodiment;
[0023] FIG. 6 is a flow diagram of the operation of the
embodiment of FIG. 5;

[0024] FIG. 7 depicts an alternative method of positioning
SENsors;

[0025] FIG. 8 is an embodiment including a contact lens
system;
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[0026] FIG. 9 is an embodiment including an intraocular
lens;

[0027] FIG. 10 is a flow diagram illustrating lens system
adjustment;

[0028] FIG. 11 illustrates an embodiment having two par-
allel optical paths;

[0029] FIG. 12 illustrates the construction of an adjustable
lens system having two parallel optical subsystems;

[0030] FIG. 13 shows a helmet-mounted embodiment; and
[0031] FIG. 14 shows implementation in an alternative
mounting.

DETAILED DESCRIPTION

[0032] In the following detailed description, reference is
made to the accompanying drawings, which form a part
hereof. The detailed description and the drawings illustrate
specific exemplary embodiments by which the invention may
be practiced. These embodiments are described in sufficient
detail to enable those skilled in the art to practice the inven-
tion. It is understood that other embodiments may be utilized,
and other changes may be made, without departing from the
spirit or scope of the present invention. The following detailed
description is therefore not to be taken in a limiting sense, and
the scope of the present invention is defined by the appended
claims.

[0033] Throughout the specification and claims, the fol-
lowing terms take the meanings explicitly associated herein
unless the context dictates otherwise. The meaning of “a”,
“an”, and “the” include plural references. The meaning of
“in” includes “in” and “on.”” A reference to the singular
includes a reference to the plural unless otherwise stated or
inconsistent with the disclosure herein. In particular, though
reference is frequently made to “the eye” or “the lens”, in
most embodiments two lenses or lens systems will be used,
one for each eye of the subject, and that, while the operation
of the lenses will typically be the same, they will typically be
adjusted separately to meet the individual needs of the two
eyes.

[0034] FIG. 2 illustrates an exemplary embodiment of a
system for modifying the vision of a subject 28. Adjustable
lens system 26 is positioned with respect to eye 10 of subject
28 with mounting 30, which in this example is an eyeglass
frame. Sensors 32 detect neural activity from subject 28
which contains components correlating with the quality or
focal condition of the visual input. Sensors 32 may be posi-
tioned with respect to the head of subject 28 by means of a
wearable positioning means, which in this example is a head-
band 37 connected to bow 35 of eyeglass frame 30. Data from
sensors 32 1s routed to processor 34. Processor 34 processes
the data and based upon the processed data generates a control
signal that drives adjustable lens system 26 to provide a
modified visual input to subject 28. Power supply 36, also
mounted in bow 35 of mounting 30, provides power to adjust-
able lens system 26, sensor 32, and processor 34. Connections
between various system components may be via conventional
electrical cabling or wiring, or may be remote or wireless
connections formed by RF or inductive couplings.

[0035] FIG. 3 is a schematic diagram of an exemplary
embodiment, illustrating the functional relationships of vari-
ous system components. A visual input 40 passes through
adjustable lens system 26 and eye optics 50, and strikes retina
16, where it is detected (as modified visual input 42) by
photoreceptors in the retina 16 of the eye. A neural signal is
generated that travels through the optic pathways of brain 70.
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The optic pathways may include, but are not limited to, the
retina, optic nerve, lateral geniculate nucleus, superior colli-
culus, and visual cortex. Neural activity may be detected from
various regions of the brain, particularly from optic pathways
of the brain but also from other cortical areas. Neural activity
is detected by one or more sensors 32 and routed to processor
34 as neural signal 52. Processor 34 includes signal analyzer
56 and lens system controller 58. Processor 34 may include
various combinations of analog or digital electronic circuitry,
discrete components or integrated circuits, and/or hardware,
software, or firmware under computer or microprocessor con-
trol, including optical analog devices. Processor 34 may
include a variety of functional and/or structural components
for supporting the function of signal analyzer 56 and lens
system controller 58, such as memory, timing, and data trans-
mission structures and devices. Neural signal 52 is processed
by signal analyzer 56 to obtain information relating to the
focal condition of the image on retina 16. A focal condition
signal 60 reflecting the quality of the retinal image as deter-
mined from neural signal 52 is generated by signal analyzer
56 and sent to lens system controller 58. Lens system con-
troller 58 generates lens system control signal 62, which is
sent to adjustable lens system 26. Lens system controller 58
may also receive as input a lens state signal 68 from adjustable
lens system 26, which provides information regarding the
state of adjustable lens system 26. Lens state information may
be used in computations performed by one or both of signal
analyzer 56 and lens system controller 58. Adjustable lens
system 26, sensor 32, and processor 34 and its components,
signal analyzer 56 and lens system controller 58, may all be
powered by power supply 36. Alternatively, certain compo-
nents may have separate power sources. The invention is not
limited to any particular power supply configuration.

[0036] FIG. 4 is a process flow diagram for a method of
enhancing the vision of a subject, as may be carried with a
system as depicted in FIG. 3. In step 82, a neural signal is
detected from a subject. Subsequently, in step 84, an indicator
of focal condition is detected from the neural signal. The
indicator of focal condition correlates with state of focus of a
real-time visual input to the subject. In step 86, a lens system
1s adjusted responsive to the indicator of focal condition. In
order to provide ongoing visual enhancement to the subject,
after step 86, process control returns to step 82, and the
process is repeated as long a visual enhancement is desired.

[0037] FIG. 5 is a schematic diagram of a further embodi-
ment suited for certain specialized applications requiring
image magnification outside the physiological range of
human vision. As illustrated in FIG. 3, visual input 40 passes
through adjustable lens system 26 and eye optics 50, and
strikes retina 16 as modified visual input 42, where it is
detected by photoreceptors in the retina of the eye. Neural
activity is detected by one or more sensors 32 and routed to
processor 34 as neural signal 52. Neural activity may be
detected from various regions of brain 70. Processor 34
includes signal analyzer 56, which processes 52 to generate
focal condition signal 60, and lens system controller 58,
which generates lens system control signal 62 responsive to
focal condition signal 60. Neural signal 52 is processed by
signal analyzer 56 to obtain information relating to the focal
condition of the retinal image. A focal condition signal 60
reflecting the quality of the retinal image is generated by
signal analyzer 56 and sent to lens system controller 58.

[0038] Processor 34 is generally as described above in con-
nection with FIG. 3. However, processor 34 is adapted to also
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receive a magnification factor input 140, and generation of
lens system control signal 62 is based upon magnification
factor input 140 as well as focal condition signal 60. Magni-
fication factor input 140 may be entered into processor 34 by
various methods; it may be preprogrammed at a fixed value or
entered by the subject. It is contemplated that the magnifica-
tion factor will be used for special applications (e.g., close-up
detail work or viewing distant objects) and that the subject
may prefer to adjust the magnification to meet the require-
ments of a particular application. Manual selection of the
magnification factor may be accomplished, for example, by
configuring the device with one or more preprogrammed
magnification factor values, and having the subject press a
button on the eyeglass frame to cycle through magnification
values until arriving at the desired magnification value;
clearly provision also may be made for continuously-variable
magnification control. Alternatively, a desired degree of mag-
nification may be derived by the control processor 34 based
upon some portion of the neural input 52. As described pre-
viously, lens system control signal 62 is sent to adjustable lens
system 26. Lens system controller 58 may also receive as
input a lens state signal 68 from adjustable lens system 26,
which provides information regarding the state of adjustable
lens system 26. Lens state information may be used in com-
putations performed by one or both of signal analyzer 56 and
lens system controller 58. Adjustable lens system 26, sensor
32, and processor 34 and its components, signal analyzer 56
and lens system controller 58, may all be powered by power
supply 36, or alternatively, certain components may have
separate power sources.

[0039] The method of operation of the embodiment of the
system shown in FIG. 5 is depicted in the flow diagram of
FIG. 6. At step 148, a desired magnification factor input is
accepted, which may be accomplished by various means, as
described above. At step 150, a neural signal is detected from
the subject. At step 152, an indicator of focal condition is
determined from the neural signal, and at step 154, the lens
system is adjusted based upon the indicator of focal condition
and the magnification factor. In order to provide ongoing
vision modification, at step 156 process control is returned to
step 150, and steps 150 through 154 are repeated for as long
as vision enhancement at the selected magnification is
desired. Note that the process depicted in FIG. 6 may be part
of a larger process, and that by including additional control
loops, it would be a simple matter to provide for the input of
an updated desired magnification factor value, during an
ongoing control process.

[0040] As illustrated by the foregoing examples, the vari-
ous embodiments may comprise a number of basic compo-
nents, the structure and operation of which will now be
described in greater detail. These components may include an
adjustable lens system 26, which, as represented in FIG. 3,
one or more sensors for detecting a neural or neuromuscular
signal (e.g., sensor 32, as shown in FIGS. 3 and 5); processor
34, which includes a signal analyzer 56 and lens system
controller 58; and power supply 36.

[0041] Various types of adjustable lens systems may be
used in practice, and the invention is not limited to any par-
ticular type of adjustable lens system or set thereof, these two
terms being used synonymously herein, However, certain
adjustable lens systems may be more suitable than others,
with small size, low weight, rapid adjustment, and compat-
ibility with other system components being considerations
for some applications. Depending on the particular intended
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application, certain considerations may be of greater impor-
tance than others, and thus the best choice of lens system will
vary from application to application. While in some cases a
single lens may be preferable due to smaller size and lighter
weight, the term “adjustable lens”, as used herein, refers to
adjustable lenses and lens systems, including combinations
of one or more lenses as well as other optical elements, which
may include reflectors, refractive elements, beam splitters,
active or passive filters, and so forth.

[0042] Conventional eyeglass lenses and contact lenses are
typically characterized by their spherical lens strength or
optical power (expressed in positive or negative diopters, the
reciprocal of their focal length measured in meters-distance),
cylindrical lens strength, and cylindrical axis orientation.
Lenses may modulate the spatial frequency content of an
image formed thereby (e.g., by adjusting the focus of the
image) and may also modulate the light intensity of the image
as a function of wavelength, e.g., by spectrally-dispersive
properties of their bulk composition or coatings applied to
their surfaces. Suitable adjustable lenses or lens systems may
be characterized by these and additional focus or image-
quality parameters. Lens systems may be used to provide
image magnification outside the physiological range of
human vision, and hence may be characterized by a magni-
fication strength factor as well. An adjustable lens system
used to provide vision correction may preferably permit the
adjustment of each of these parameters, although in particular
applications and for particular subjects, not all of these
parameters may need to be adjusted. Independent adjustment
of each of the various parameters may be desirable in some
cases, but in many cases may not be required.

[0043] A number of designs for fluid-based adjustable
lenses have been proposed which may be suitable for use.
Fluid lenses utilize one or more fluids having appropriately
selected indices of refraction. One approachis to enclose fluid
within a deformable shell, and to increase fluid volume or
pressure to deform the shell and thus change the optical
strength of the lens, as disclosed in U.S. Pat. Nos. 4,466,706,
5,182,585, 5.684,637, 6,069,742, 6,542,309 and 6,715,876,
which are incorporated herein by reference. Another
approach is to utilize two immiscible liquids of differing
refractive properties contained within a chamber, and modify
the shape of the fluid-fluid interface in order to change the
optical strength of the lens. The surface tension properties of
the interior of a chamber are modified, for example, through
an applied voltage (and thus electric field and gradients
thereof) to adjust the shape of the fluid-fluid interface. Such
fluid lenses, as disclosed in U.S. Pat. No. 6,369,954, which is
incorporated herein by reference in its entirety, may also be
suitable for use in some applications.

[0044] Another suitable type of adjustable lens or lens sys-
tem may be an electro-active lens as described in U.S. Pat.
Nos. 4,300,818, 6,491,394 and 6,733,130, also incorporated
herein by reference. These lenses include one or more layers
of liquid crystal or polymer gel having refractive power that
may be modulated, e.g., electrically. An advantage of this type
of lens is the refractive power can be adjusted selectively in
different regions of the lens, making it possible to produce
nearly any desired lens, including a lens that compensates for
higher order optical aberrations, or a lens having regions with
different focal strengths (comparable to a bi-focal or tri-focal
lens}, such that all or a portion of the lens can be adjusted. It
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is also possible to construct a lens system that can be rapidly
switched from one focal length to another with the use of this
technology.

[0045] In some embodiments, an adjustable lens system
may be made up of multiple lenses or other optical elements,
and adjustment may be accomplished by moving one optical
element with respect to another or with respect to the subject.
Such movements may include one or all of changing the
distance, angle-of-orientation, or off-axis displacement
between two or more optical elements. The adjustable lens
system may include a lens mechanism and a lens actuator that
is used for actuating the lens mechanism. Thus, the lens
mechanism itself may not receive control signals directly
from the lens system controller. A lens mechanism and lens
actuator may be formed integrally, or they may be separate
elements depending on the design of the lens system.

[0046] Adjustable lens systems may modify incident light
in some specified matter. Adjustable lenses may bend (re-
fract) incident light rays; they may also filter the incident light
to modify the spectral composition of the incident light or to
change the imaged intensity at one or more selected spectral
wavelengths or wavebands. An adjustable lens system may
have an adjustable transmissivity (or transmittivity), which
adjustment may be wavelength-dependent. In a broad sense,
an optical element may be any device or system that receives
an input image and produces an output image that is a modi-
fied version of the input image; thus in certain embodiments
the modified image is not formed entirely or even in signifi-
cant part of incident light that has been transmitted through
the lens system, but by partly or mostly (including entirely) of
light that has been generated by the lens structure to form a
new image. In some embodiments, the term ‘optical element”’
or ‘optical system’ may encompass systems including cam-
eras and displays. Such an optical element may modulate the
incident image in ways not possible with lenses that transmit
incident light; e.g., the optical element may transform the
incident image by shifting the spectral content or the intensity
of some or all wavelengths relative to the incident light cor-
responding to the image. Adjusting the optical element may
include adjusting one or more focal lengths, adjusting one or
more cylindrical corrections, adjusting one or more distances
of an optical element relative to an eye of the subject, adjust-
ing the orientation-angle of the optical element with respect
to the optical axis of the eye, adjusting the off-axis displace-
ment of one or more optical elements relative to the optical
axis of the eye, or adjusting the pan-or-tilt of one or more
optical elements relative to the optical axis of the eye.

[0047] Inone embodiment, the method may be considered
to be a method of modifying a view of the environment. The
method includes steps of detecting a neural signal from a
subject, extracting information relating to an image condition
ofatleast a portion of the view of the visual environment from
the neural signal, determining a modification to the view
based upon information relating to the image condition, and
adjusting an optical system to produce modification of the
view. The optical system may include, but is not limited to,
optical components such as lenses, reflectors, refractive ele-
ments, active and passive optical filtering systems including
optical attenuators and amplifiers, and beam splitters such as
may be used for modifying incident light. In some embodi-
ments, rather than modifying transmitted light, the optical
system may detect and process an incident image and gener-
ate a modified version of all or part of the incident image.
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[0048] As depicted in FIGS. 3 and 5, an indicator of focal
condition may be determined from a neural signal detected
from the subject. Neural activity can be recorded from the
brain or other regions of the nervous system using a variety of
measurement techniques well known to those of skill in the
art, including electrical, magnetic, and optical measurements
techniques. Electrical recordings can be made using elec-
trodes implanted within the brain or surface electrodes placed
on the scalp or on the surface of the brain. Electrodes may be
placed on the skin, e.g., near the eye, to detect electrical
potentials from the retina, as described in U.S. Pat. No. 4,255,
023, incorporated herein by reference in its entirety.
Implanted electrodes are capable of recording activity from
one or a small number of nerve fibers or cell bodies. See, for
example, the methods and devices described in U.S. Pat. No.
6,647,296, incorporated herein by reference in its entirety.
Electrodes on the scalp or brain surface record from a large
number of neurons in aggregation, providing information
about the aggregate activity of large populations of neurons,
as described in exemplary U.S. Pat. Nos. 5,052,401, 6,647,
296, and 6,690,959, which are incorporated herein by refer-
ence in their entirety.

[0049] Magnetic recording techniques can be used as an
alternative to electrical recording techniques (see, e.g. U.S.
Pat. No. 6,066,084, and Heeger, D. J. and Ress, P., Nature
Reviews Neuroscience, vol. 3, pp. 142-151, February 2002,
both of which are incorporated herein by reference in their
entirety). Superconducting quantum interference devices or
SQUIDs are among the types of magnetic field-sensing sys-
tems that can be used to record neural activity, as described in
U.S. Pat. Nos. 5,309,095 and 6,195,576, incorporated herein
by reference in their entirety. Other techniques for measuring
neural activity include optical, electrooptical or optoelec-
tronic techniques such as optical coherence tomography and
near IR imaging. Measurements of absorption and scattering
of visible or IR light may provide an indication of neural
activity, as described in U.S. Pat. Nos. 5,187,672, 5,792,051,
5,853,370, 5,995,857, and 6,397,099, all of which are incor-
porated herein by reference in their entirety. Neural signals
may be recorded by various methods as described herein, by
other methods as are known in the art or may be developed,
and are not limited to any particular methods.

[0050] In some embodiments, a sensor may be adapted for
detecting a neuromuscular signal from the subject. The term
neuromuscular signal, as used herein, refers to a signal
detected from either a nerve or a muscle that relates to the
activation of, or intention to activate, a muscle. Thus, in some
cases, the neuromuscular signal may be detected from the
nervous system of the subject, including central nervous
structures (including, but not limited to motor cortex) as well
as peripheral nerves innervating muscles. In other cases, the
neuromuscular signal is detected directly from a muscle. In
the case that the neuromuscular signal is detected from the
central or peripheral nervous system, neural recording tech-
niques as have been described previously may be used. Note
that the measurement of electrical and magnetic signals from
peripheral nerves is well established and a variety of tech-
niques for measuring such activity are known to those of skill
in the art. Optical techniques as discussed previously may
also be adapted for making peripheral measurements. Meth-
ods for measuring electrical or magnetic signals from
muscles are well known, and include sensors implanted
within a muscle, positioned on the exterior of a muscle, or
positioned near, on or under a skin surface near the muscle(s)
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of interest. The neuromuscular signal may be an electromy-
elographic or EMG signal. Such signals may be recorded for
example, from an extraocular muscle, a ciliary muscle. the
iris, or a facial muscle of the subject. As used herein, “neu-
romuscular signal” may also refer to a measure of muscle
force, displacement, pressure, volume or related parameters
detected with suitable transducers located in, on, or adjacent
a muscle (including, but not limited to, positions near, on or
under the skin surface) in order to measure muscle mechani-
cal activity or its correlates.

[0051] Neural signals may be detected by various methods,
and the signal processing and analysis will depend on the type
ofneural signal and the method of detection. The term “neural
signal”, as used herein, refers not only to signals that are
direct measures of neural activity, but also to signals that are
correlated with neural activity. These may include, but are not
limited to, measurements of electrical or magnetic fields gen-
erated by nerve cells, axons, processes, or fibers; measure-
ments of metabolic activity in nerve cells or supporting cells
such as glial cells; or measurements of blood flow in selected
brain regions, as determined by optical, biochemical, ther-
mal, or other measurements. Neural activity may be the activ-
ity of individual cells, small numbers of cells or populations
of cells, including activity measured from cell bodies or cel-
lular processes such as axons, dendritic trees, or nerve fibers,
in one or more regions of the central or peripheral nervous
system.

[0052] Muscular activity refers to activity detected from
muscles, including but not limited to electric, magnetic or
electromagnetic fields corresponding to muscle activation,
motion, position, relaxation or contraction. As with neural
activity, muscular activity may also be measured indirectly
through measurement of blood flow. temperature, or meta-
bolic activity; force or displacement may also be measured, as
may various other parameters as known or may be discovered
by those of ordinary skill in the art.

[0053] The terms signal and signals may be used inter-
changeably herein, and may refer to activity originating from
one or more sources detected with the use of one or more
sensors, unless the context dictates otherwise.

[0054] Neural and neuromuscular signals suitable for pro-
viding feedback information in the various embodiments
described herein, and other embodiments, may be recorded
from a variety of neural structures, including but not limited
to the cerebral cortex, especially the occipital region thereof,
the retina, optic nerve, lateral geniculate nucleas, superior
colliculus, and other portions of the optic pathway, motor
nerves innervating muscles of the eyes (especially the ciliary
muscles, extraocular muscles, and iris) and surrounding
regions (e.g., certain facial muscles).

[0055] Ifimplanted electrodes or other sensors are used, the
sensor(s) may be implanted within the selected location
according to methods described in the references incorpo-
rated above. Detected signals may be transmitted from one or
more sensors to other system components by RF or inductive
coupling, including but not limited to transponder-type sens-
ing and signal-transceiving.

[0056] In some embodiments, sensors may be positioned
on the head of the subject. In such embodiments it may be
desirable to make use of a wearable positioning device to
position or orient the sensor(s) with respect to the head of the
subject. FIG. 2, for example, illustrates an embodiment in
which several sensors 32 are positioned with respect to the
head of subject 28 through the use of a headband 37, which is
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affixed to bows 35 of an eyeglass frame. As depicted in FIG.
2, headband 37 contains a single row of sensors 32. The width
of headband 37 may be adjusted to hold larger numbers of
sensors, arranged in an array of multiple rows, or in any
configuration deemed useful or convenient. Because head-
band 37 generally overlays regions of the cerebral cortex
devoted to visual processing, sensors positioned by means of
headband 27 may be well suited for detecting activity from
visual processing areas of the cortex. Sensors may also be
mounted in or on bow 35, or other portions of the eyeglass
frame.

[0057] FIG. 7 illustrates a further embodiment of a wear-
able positioning device in which one or more sensors 32 are
mounted in specialized bow 160 of an eyeglass frame 162
(which also functions as mounting 30, as depicted in FI1G. 2).
Specialized bow 160 may include arear extension 161 shaped
to extend backwards or downwards of the ear 164 and fit
closely about a portion of the occipital region of the head.
[0058] Wearable positioning devices of various types may
be devised, and the invention is not limited to any particular
type of wearable positioning device. Wearable positioning
devices may include hats, headbands, and helmets, or other
head coverings, apparel or adornments, as are known or may
be devised by those of skill in the relevant art. Exemplary
versions of such devices are described in U.S. Pat. Nos. 4,709,
702, 5,323,777, and 6,397,099, incorporated herein by refer-
ence in their entirety. Depending on the type of sensors used,
the wearable positioning device may be close-fitting or rela-
tively loose; for example, some types of EEG electrodes may
need to be pressed tightly against the scalp of a subject, while
magnetic or optical signals may be detected without close
physical contact between the sensor and the skin being
required. Various methods may be devised for positioning
sensors with respect to thehead of a subject, and the invention
is not limited to any particular sensor position or type of
Sensor.

[0059] In a further alternative embodiment, illustrated in
FIG. 8, the adjustable lens system is constructed in form of a
contact lens 200 that is worn on the cornea 202 of eye 10.
Other components of the system may be mounted on or manu-
factured integrally with contact lens 200, or they may be
packaged separately at a remote location and power and data
signals transmitted to the contact lens 200 inductively or via
other suitable mechanisms. The term ‘remote location’, as
used herein, refers to any location not in direct physical con-
tact with contact lens 200, including positions relatively close
1o the contact lens on the body of the subject, more distant
locations on the body of the subject, or locations separated
from and at a distance from the body of the subject.

[0060] Some embodiments of the systems and devices
described herein may also be configured as an intraocular lens
device 206, as depicted in FIG. 9. In embodiments in which
the system or device is implemented as an intraocular lens
system, it is anticipated that typically the natural lens will
have been removed and an adjustable intraocular lens device
206 implanted within the eye (e.g., within lens capsule 204)
as illustrated in FIG. 9. Various adjustable intraocular lens
designs may be used in this embodiment, as exemplified by
U.S. Pat. Nos. 4,373,218, 4,564,267, 4,601,545, 4,787,903,
and 5,108,429, all of which are incorporated herein by refer-
ence in their entirety. The eye optics will then include the
cornea. However, in some cases the intraocular lens may be
implanted either in front of or behind the natural lens, so that
the eye optics may include the natural lens as well as the
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cornea. The intraocular version is not restricted to use with
any particular combination of eye optics, though the correc-
tion provided by the lens optics will typically take into
account the degree of focus provided by the eye optics.

[0061] Inthe exemplary embodiment of FIG. 9, neuromus-
cular activity is detected from a sensor 203 in ciliary muscle
22, which neuromuscular activity may correlate with effort to
adjust the focus of the eye. Intraocular lens device 206 may
include processor 34, which may bea microdevice attached to
or formed integrally or otherwise associated with adjustable
lens system 209. Processor 34 and sensor 203 include trans-
ceivers 205 and 207, respectively, to permit the transmission
of data and power signals between the two devices. A neuro-
muscular signal detected by sensor 203 may thus be transmit-
ted to a signal analyzer 56 in processor 34. As in other,
previously described embodiments, lens system controller 58
generates a lens control signal to drive actuation of adjustable
lens system 209. Adjustable Iens system 209 and processor 34
and controller 58 may be powered by power supply 36. Sen-
sor 203 may be powered remotely by power supply 36, or,
alternatively, may include a separate power supply. In addi-
tional variants of this embodiment, one or more sensors may
be positioned in, on or proximate to intraocular lens device
206 for detecting neuromuscular signals from ciliary muscles
or retina. In still other variants, sensors for detecting neural or
neuromuscular signals may be placed in other locations in or
on the body of the subject, the locations being selected appro-
priately for detecting specific neural or neuromuscular sig-
nals, and detected signals transmitted to processor 34. Pro-
cessor 34 need not be located at intraocular lens device 206.
Instead, processor 34 may be located at the sensor, or at some
other location, and signals transmitted wirelessly between the
sensor, processor, and adjustable lens. Operation of embodi-
ments configured as an intraocular device, as illustrated in
FIG. 9, is substantially the same as that of other, previously
described embodiments, for example, as illustrated in the
flow diagram of FIG. 4 or 6.

[0062] As illustrated in FIG. 3, the main functional com-
ponents of processor 34 are signal analyzer 56 and lens sys-
tem controller 58. Processor 34 may include various combi-
nations of analog or digital logic circuitry in the form of
discrete components or integrated circuits, hardware, soft-
ware, and/or firmware under computer or microprocessor
control. Processor 34 may also include various functional
and/or structural components such as memory, timing, and
data processing, transmission and reception structures and
devices necessary to support the operation of signal analyzer
56 and lens system controller 58. It will be recognized by one
skilled in the art that the functions and operation of Processor
34 may be implemented in software, in firmware, in special
purpose digital logic, or any combination thereof, and that the
design of processor 34 to perform the image analysis and lens
system control tasks described below may be performed in
various ways by a practitioner of ordinary skill in the relevant
art. Digital signal processing (DSP) chips or devices suitable
for signal processing are commercially available or may be
designed for specific applications. Processor 34 may be
implemented in specialized hardware (e.g. as an Application
Specific Integrated Circuit or ASIC) to minimize size and
weight of the system while maximizing speed of operation.
Alternatively, some portions of processor 34 may be imple-
mented in software running on a microprocessor-based sys-
tem. This will provide greater flexibility, relative to special-
ized hardware, but system size and weight generally will be
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increased. Although processor 34 (including signal analyzer
56 and lens system controller 58) may be packaged as a single
unit, in some cases it may be preferable to package certain
components separately. For example, as discussed previ-
ously, processor 34 may include a receiver for receiving an
image-characterization signal transmitted from a detector and
a transmitter for transmitting control signals to the adjustable
lens system.

[0063] In some embodiments, the processor may include a
signal input adapted to receive a time-varying visual focal
condition signal detected from the body of the subject, a
pre-processor configured to pre-process the visual focal con-
dition signal to generate a pre-processed signal, and a signal
analyzer configured to determine at least one visual image
quality parameter from the pre-processed signal, which will
be sent to a lens system controller which generates as output
a lens system control signal for driving the adjustable lens
systenl. The pre-processor may perform various functions,
including filtering, amplification, artifact removal, clutter
removal, and noise reduction, as are known in the art of signal
processing.

[0064] Signal analyzer 56 may include appropriately con-
figured digital circuitry, hardware, and/or a microprocessor
running suitable software. Tasks performed by the neural
signal analyzer may include a variety of manipulations of one
ormore neural signals, including pre-processing steps suchas
detection of the relevant portions of the detected neural sig-
nal, processing to increase the signal-to-noise ratio, and
analysis of the neural signal to determine values of selected
image quality metrics. While the full range of neural signal
processing tasks may be performed by the neural signal ana-
lyzer in some embodiments, in other embodiments, selected
pre-processing steps may be performed by appropriately con-
figured neural signal detector(s). Appropriate selection of
sensor configuration may be used to improve signal quality.
For example, by using multiple sensors it may be possible to
perform signal averaging, to subtract out common noise com-
ponents from signal, or to perform multivariate analysis of
signals. Such approaches are known to those skilled in the art
of acquisition and processing of biological signals. The type
of signal processing approach selected may depend on the
specific signals detected. Signal processing methods for use
with electrical and magnetic neural signals have been
described, as exemplified by U.S. Pat. Nos. 4,844,086, 4,974,
602 5,020,538, 5,655,534, 6,014,582, 6,256,531, 6,370,414,
6,544,170, and 6,697,660, all of which are incorporated
herein by reference in their entirety.

[0065] Preliminary signal processing to improve the signal
to noise ratio or otherwise make the detected signal easier or
more convenient to work with may include a variety of con-
ventional signal processing techniques, such as filtering, sig-
nal averaging, adjusting offset and scaling, removal of clutter
and artifacts, such techniques being known to those with skill
in the art.

[0066] After preliminary signal processing steps have been
completed, the processed signal is analyzed to obtain one or
more measures of visual focal condition. The term “visual
focal condition” as used herein, means any of various param-
eters, also referred to as “quality parameters” or “indicators of
focal condition”, which may be determined or derived from a
detected neural or neuromuscular signal and used to charac-
terize the visual input at the retina of the subject, particularly
with regard to meaningful or useful content. The term “qual-
ity” is not intended to imply “good quality” or “high quality”
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but rather quality in general, whether good, bad or mediocre.
“Quality parameters”, “indicators of focal condition”, or
“focal conditions”, may be determined from components of a
neural or neuromuscular signal that correlate with the quality
of the visual input. Components or groups of components of
a neural or neuromuscular signal that correlate with a focal
condition or quality of a visual input may be referred to as
“visual focus-related events”, and may include, for example,
a peak or series of peaks of neural or muscular activity (or
indirect indicators of activity such as metabolism or blood
flow) in a signal recorded from a neural or neuromuscular
structure.

[0067] Image sharpness, or fineness-of-focus (i.e. sharp-
ness or ‘crispness’ of focus of the retinal image, indexed by a
relative large fraction of high spatial wavenumber image-
pattern on the retinal foveal region) is an important measure
of image quality. Sharpness or fineness-of-focus (or lack
thereof) in the retinal image will be reflected in the activation
of photoreceptors in the retina and in the neural signals trans-
mitted through various portions of the visual pathways.
Image focus may be broken down into a number of compo-
nents thereof, such as spherical focus or cylindrical focus
(with an associated axis of orientation). Choice of quality
metric in certain embodiments may be matched to the
attribute(s) of optical aberrations that can be corrected by the
adjustable lens system or optical system. In some cases,
detecting (and subsequently correcting) only one focal
attribute may be performed. In other cases, multiple focal
attributes may be detected and subsequently corrected.

[0068] Image sharpness or fineness-of-focus is not the only
measure of image quality. Depending on the intended appli-
cation of the system, other image attributes or quality metrics
may be considered of greater interest or importance. These
may include metrics such as for, example, image contrast or
intensity or spectral content.

[0069] The neural or neuromuscular signal is analyzed to
determine an indicator of the focal condition of the imaged
visual input. Various components of the detected neural or
neuromuscular activity may correlate with the quality or state
of focus of the image of a visual input. A neural response may
be produced in response to a visual input, the focal condition
of the imaged visual input, or an in-focus or out-of-focus state
of the imaged visual input. A component of a neural or neu-
romuscular signal that correlates with the quality or focal
condition of an imaged visual input may be referred to as a
visual focus-related event. Quality or focal condition may
refer to one or multiple parameters of focus, e.g., spherical
focus, cylindrical focus, cylindrical axis, intensity or sharp-
ness of the image, etc. The neural response may be conscious
or unconscious, i.e., the subject may or may not be con-
sciously aware of the neural response. Providing that the
response may be measured, it is not necessary that the subject
be consciously aware of it. It is contemplated that compo-
nents of neural activity will correlate with the focal state of the
visual input in various ways. For example, some componerts
of neural activity may correlate with the detection of an
in-focus imaged visual input. Other components of neural
activity may correlate with the detection of an out-of-focus
imaged visual input. Still other components of neural activity
may correlate with the intention of the subject to focus his or
her eyes on the visual input. Alternatively, components of
neural activity may correlate with effort on the part of the
subject to focus his or her eyes on the visual input or move his
or her eyes (and specifically, the optic axis of the eyes) toward
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a particular visual target. The non-real-time analysis of EEG
signals for identifying various parameters of visual focus,
under controlled visual input conditions, has been demon-
strated (see U.S. Pat. No. 5,052,401, incorporated herein by
reference).

[0070] In some embodiments, the quality parameter may
include a time or amplitude measure of a neural signal com-
ponent that correlates with the perception by the subject ofan
in-focus state of the imaged visual input. In other embodi-
ments, the quality parameter may include a time or amplitude
measure of a neural signal component that correlates with the
perception by the subject of an out-of-focus state of said
imaged visual input. In some out-of-focus states, the neural
signal component may correlate with the perception by the
subject of an imaged visual input focused in front of the retina
ofthe eye, while in others it may correlate with the perception
of a visual input focused behind the retina of the eye. The
quality parameter may include a time or amplitude measure
of a neural signal component that correlates with an effort by
the subject to focus at least one eye on at least portion of the
visual input or alternatively, with effort by the subject to
direct the optical axis of at least one eye toward at least a
portion of the targeted visual input. Various time and ampli-
tude measures of a peak of a detected neural signal may be
used as one or more quality parameters. In other aspects, the
neural signal may be converted to the frequency domain and
the amplitude of one or more frequency components may be
used as quality parameters.

[0071] Anamplitude measure of a neural signal component
may be the amplitude of a maximum or minimum measured
with respect to a selected baseline level, or an amplitude
difference measure (i.e., the distance between selected
maxima or minima). A time measure may be a latency or
duration of a maximum or a minimum, the width of a peak, or
any other temporal feature of a portion or component of the
neural signal. The time measure may be the time between
occurrences of any selected features or events in the neural or
neuromuscular signal, or duration of a specified sequence of
features or events.

[0072] Neural or muscular activity may correlate with the
subject’s efforts (either conscious or unconscious) to correct
the focus of the visual input, for example, by adjusting the
lens of the eye (by contraction or relaxation of the ciliary
muscle), by adjusting the pupil (by contraction or relaxation
of the iris), or by adjusting facial muscles (squinting) to
modify the focal length of the eye. Neural or muscular activity
that correlates with actual, attempted, or planned eye move-
ments directed toward bringing an imaged visual target into
position on the fovea by moving the optic axis of at least one
eye toward a chosen visual target, including tracking and
vergence movements (i.e., convergence or divergence), may
provide information useful for controlling the focal condition
of the imaged visual input, as well. Neural activity may be
generated in the central nervous system that correlates with
muscle activation but occurs prior to actual muscle activation.
[0073] Insome embodiments, particular patterns of neuro-
muscular activity are associated with particular focal states of
the imaged visual input, so that detected neuromuscular activ-
ity serves as a source of feedback control for adjusting a lens
systenl. For a given subject, it is expected that certain patterns
of neuromuscular activity will correlate with certain visual
focal conditions in a consistent and predictable manner, at
least over the short term. However, for a given subject, the
correlation may drift over time in some cases. This may be
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due to various causes, ranging from changes in the recording
setup (e.g., shift in position of sensors) to adaptation of the
subject to the modified visual input. It is expected that neu-
romuscular activity that correlates with a particular focus
state will be similar from subject to subject; nevertheless, it
may be the case that there will be enough subject-to-subject
variability that the system may need to be calibrated for each
subject. Therefore, calibration may be performed prior to
routine use of the device according to various embodimerts
disclosed herein. Furthermore, it may be necessary to cali-
brate the system from time to time during use, to compensate
for drift, as discussed above, or for temporal changes in the
subject’s visual system. Calibration sessions may be held at
regular intervals or only when needed, as indicated by
decreasing system performance. Some embodiments may be
configured to perform calibration on an on-going basis.

[0074] System calibration may be carried out through the
use of a training protocol during which the subject is pre-
sented with well-defined visual inputs and the neural or neu-
romuscular activity patterns associated with various states of
focus of the imaged visual input are determined. Such a
training protocol may be patterned after the methods
described in U.S. Pat. Nos. 4,953,968, 4,697,598, and 5,052,
401, incorporated herein by reference in their entirety. In
general, a series of visual inputs may be presented in which
the focus of an imaged visual input is varied and the neural or
neuromuscular activity produced in response to the visual
inputs is measured.

[0075] Insomeembodiments, a predetermined relationship
between quality of visual input and neural signal may be
established by a training protocol that includes a steps of
delivering a series of well-defined visual input having differ-
ent values of the quality to the subject, detecting a series of
neural signals produced in response to the series of well-
defined visual inputs, and determining the quality parameter
of the series of neural signals. In some embodiments, the
training protocol may be performed prior to the use of the
system. In other embodiments, the training protocol may be
performed at intervals during the use of the system. The
predetermined relationship may be stored in the form of
series of data representing corresponding values of visual
input and focal condition or quality parameters, or the prede-
termined relationship may be modeled as a mathematical
equation or function so that the visual input may be calculated
as a function of one or more focal condition or quality param-
eters determined from the detected neural or neuromuscular
signal(s), and vice versa.

[0076] The system may include a lens system controller
configured to receive one or more quality parameters as input
and generate a lens system control signal forproviding closed
loop control of the adjustable lens system, as a function of the
quality parameter(s). The lens system controller may be con-
figured to generate a lens system control signal based upon a
predetermined relationship between the value of at least one
quality parameter and a modified visual input, as discussed
above. The predetermined relationship may be defined by
stored quality parameter values and stored corresponding
visual input values. Alternatively, the predetermined relation-
ship may be defined by a mathematical model that defines at
least one quality parameter as a function of visual input. The
lens system controller may be configured to generate a lens
system control signal for updating the setting of the adjust-
able lens system at a specified update great. The lens system
controller may include a device that includes a microproces-
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sor, in which case the update rate may be controlled by a timer
circuit or by a software loop, or by other methods known to
those of skill in the relevant art. In still other embodiments,
the update rate may be under hardware or firmware control.
The lens system controller may be a closed loop controller
that is adapted to control the adjustable lens system in sub-
stantially real-time.

[0077] FIG. 10 breaks down into greater detail the lens
system control process as it may be performed by lens system
controller 58 (in other words, the process performed at step 86
in FIG. 4 and step 154 in FIG. 6). At step 166, processor 34
receives focal condition signal 60. At step 168, processor 34
receives lens state signal 68. At step 170, processor 34
receives magnification factor input 140, which may be a
stored value. Steps 166, 168, and 170 may be performed in
any desired order; moreover, in some applications certain of
the received parameters may not be adjusted, so the parameter
value may be a stored constant value, or a particular step (e.g.,
the step of receiving a magnification factor value) may be
omitted entirely. Subsequently, processor 34 (specifically
lens system controller 58) determines a spherical lens
strength adjustment at step 172, determines a cylindrical lens
strength adjustment at step 174, determines a cylindrical axis
orientation adjustment at step 176, and determines a magni-
fication adjustment at step 178. Steps 172, 174, and 176 may
be performed in other orders than depicted in FIG. 10; if one
or more of the parameters are not adjusted, one or more of
steps 172, 174, and 176 may be omitted as appropriate. Other
steps not explicitly noted here but discussed above also may
beincluded, e.g., determination of adjustments of lens system
spectral transmissivity, so as to affect the overall brightness
and/or relative spectral content of the light processed through
the thereby-adjusted lens system. At step 180, lens system
controller 58 generates a lens system control signal based
upon the adjustments determined in steps 172, 174, and 176.
Depending on the nature of the adjustable lens system and
lens actuator, the control signal may reflect newly determined
absolute settings for the adjustable lens system, or the control
signal may reflect changes to lens system settings relative to
the current lens system settings. Adjustable lens system set-
tings may be adjusted to modify various indicators of focal
condition in the neural or neuromuscular signal. Modification
ofthe adjustable lens system settings may be selected to move
one or more indicators of focal condition toward a specific
target value, in a desired direction, or simply to produce a
change in the image metric or quality attribute which may be
used as a reference value in an adaptive control algorithm.

[0078] Determination of lens system adjustment may be
performed by the using well-known principles of control
system design. For example, an exemplary method foradjust-
ing a lens system in response to the focal condition of visual
input may include determining an adjustment direction in
response to the indicator of focal condition and then adjusting
the lens system in the determined adjustment direction.
Determining the adjustment direction may include determin-
ing a change in the value of the indicator of focal condition
caused by adjusting the lens system in the determined adjust-
ment direction, by determining the value of the indicator of
focal condition in the neural response produced by a previous
instance ofthe visual input, and determining further change to
the lens system adjustment based on the result of the previous
adjustment. For example, if the previous adjustment pro-
duced a neural response correlating to a reduction in focal
quality of the imaged visual input, the direction of lens system
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adjustment may be reversed. Conversely, if the adjustment
produced a neural response correlating with increased focal
quality of the imaged visual input, the next adjustment step
may be in the same direction. Various lens system parameters
(spherical focus, cylindrical focus, etc.) may be adjusted
independently, and the determination of adjustment of each
lens system parameter may be responsive to different indica-
tors of focal condition. In some embodiments, a component
of a neural signal indicating quality of a selected retinal
region of the imaged visual field (e.g., the foveal region) may
be measured and a lens system adjustment selected to opti-
mize the foveal image applied to the entire lens, thus modi-
fying the focal quality of the image over the entire retina. In
other embodiments, the focus may be adjusted separately for
areas of the adjustable lens system projecting onto different
regions of the retina. These and other approaches for control-
ling lens system adjustments may be performed by an appro-
priately configured or programmed lens system controller,
and may involve the controlled use of a lens system having
other than purely spherical or cylindrical focusing capabili-
ties.

[0079] In some embodiments, the controller may be con-
figured to control an image modulator (which may be an
adjustable lens system or other optical element or optical
system) to cause a specified change in an indicator of focal
condition. The controller may be configured to perform a
comparison of the indicator of focal condition with a refer-
ence focal condition value and then to control the image
modulator to decrease the difference between the indicator of
focal condition and a reference focal condition value. In some
cases it may be desired to increase the difference between the
indicator of focal condition and a reference focal condition
value. Parameters modified by the image modulator may
include (but are not limited to) the focal length of the input
image, the magnification of the input image, the cylindrical
correction of the input image, or the radiant intensity of the
input image.

[0080] The lens system controller may control a variety of
lens system or optical system parameters, including any or all
of transmissivity of the lens system over one or more spectral
wavebands, intensity of light generated by an optical system,
effective aperture of one or more components of the adjust-
able lens system or optical system, transverse position of at
least one optical element relative to the optical axis of the eye,
or one or more chromatic aberration correcting features of the
adjustable lens system.

[0081] Timing is an important consideration in the opera-
tion of the present invention. In order to provide ongoing
adaptive visual modification, correction or enhancement, the
system updates the setting of the adjustable lens system in
real-time or near-real-time. Moreover, in order to provide true
adaptive vision correction, the focus of the adjustable lens
system is adjusted to compensate for the current state of the
eye optics and for the current visual input, without a priori
knowledge of the visual input. In some cases this may be
accomplished by completing a full update cycle (such as the
process control loops depicted in FIGS. 4 and 6) inan amount
of time less than or equal to the intrinsic accommodation
time-response of lens of eye. The intrinsic accommodation
time ofthe lens ofthe eye (i.e., that amount of time that it takes
for the lens to adjust to a change in the distance to a visual
target) is from about 2 to about 3 seconds for a large change
in focal distance, and varies from subject to subject. Accom-
modation rates and accommodation distance-ranges vary as
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functions of age and health, being higher for children and
lower for older adults. By adjusting the lens system faster than
the intrinsic accommodation time, the lens-actuating muscu-
lature of the eye will be minimally worked, thus reducing eye
strain and/or fatigue of eye muscles.

[0082] Insome use-cases, it may be desirable to update the
setting of the adjustable lens system at a rate that is as fast, or
faster, than the visual pigment reversal rate of photoreceptors
of eye. In particular, in some applications it may be desirable
1o update the lens setting at a rate faster than the visual
pigment reversal rate of the photoreceptors having the fastest
visual pigment reversal rate in the eye. In some embodiments,
acontroller is configured to provide closed loop control of the
adjustable lens system on an ongoing basis. In some embodi-
ments, the lens system controller is configured to adjust the
adjustable lens system at arate faster than the intrinsic accom-
modation time of the lens of the eye. In other embodiments,
the lens system controller is configured to adjust the adjust-
able lens system at a rate faster than the visual pigment
reversal rate of the photoreceptors of the eye.

[0083] It is thought that lens system adjustment update
rates of at least about once every three seconds (V5 Hz) may
improve usefulness in general applications, and that update
rates of about 1 Hz will be preferable for general applications.
In higher-performance applications, update rates of about 3
Hz may be desirable, e.g. to minimize work that must be
performed by the ciliary musculature of the eye’s own lens.
Update rates higher than 10 Hz may not provide additional
benefit in some applications, due to the speed limitations
inherent in other parts of the human visual system, though in
some applications, this may not be the case. Thus, it is thought
that update rates in the range of about %4 to about 10 Hz will
be useful in practice, and that update rates in the range of
about 1 to about 10 Hz will be more preferred, and that rates
in the range of about 1 to about 3 Hz will be most preferred.
[0084] Timing ofthe update rate for lens system adjustment
may be controlled in a number of ways. For example, each
update cycle may be initialized by a signal from a timer chip
or system clock; a software loop with an approximately-fixed
cycle time may also control the timing. The design of systems
using these and other timing control methods are well-known
to those of skill in the art.

[0085] In some cases, in order to provide for rapid adjust-
ment between one lens system setting and at least one other,
rather than utilizing a single adjustable lens system and modi-
fying the setting of that lens system, two or more adjustable
lens systems or optical subsystems may be used, and suitable
optics used to switch between the two or more lens systems.
In the exemplary case of two lens systems, one useful appli-
cation of this embodiment is to adjust the first and second
optical subsystems to provide correction for near and far
vision, respectively. Thus, switching between the two optical
subsystems, the subject would obtain correction similar to
what is currently provided by bi-focal lenses, but in an auto-
mated and potentially high-speed fashion.

[0086] This approach is depicted schematically in FIG. 11.
First optical subsystem 183 and second optical subsystem
184 have optical properties (e.g. spherical focal length, cylin-
drical focal power, and axis of orientation) that can be
adjusted independently. First optical subsystem 183 and sec-
ond optical subsystem 184 are set up in parallel between a
visual input 40 and the eye of the subject. Visual input 40 may
be switched rapidly between optical subsystem 183 and opti-
cal subsystem 184 by switching element 185, which may be
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an adjustable reflector or refractive element, such as a lens.
Each of optical subsystem 183 and optical subsystem 184
may be an adjustable lens or lens system, controlled by alens
system controller as described previously. After passing
through either optical subsystem 183 or optical subsystem
184, an intermediate incident image 40a or 405, respectively,
will be delivered to the eye of the subject. The optical system
as depicted in FIG. 11 may be used in connection with lens
control mechanisms as described previously herein. Another
method for providing rapid switching between optical sub-
system having different settings is to provide two or more
optical subsystems having transmissivities controllable
between substantially complete transmissivity and substan-
tially zero transmissivity, such that the amount of light that is
transmitted through each subsystem can be controlled. Paral-
lel segments are maintained in the optical path between the
eye and the visual target; by adjusting first and second-or-
more controllable transmissivities appropriately, it is possible
to switch rapidly between first and second-or-more segments.
Parallel optical subsystems of this type may be constructed in
the form of an electroactive lens system in which individually
controllable lens areas are interleaved, as illustrated in FIG.
12, by microfabrication techniques known to those of skill in
the relevant art. Thus, lens regions 186 correspond to a first
optical subsystem, while lens regions 187 correspond to a
second optical subsystem; adjustment of the transmissivities
oflens regions 186 to provide full transmissivity while adjust-
ing the transmissivities of lens regions 187 to substantially-
zero transmissivity thus routes the visual input through the
first optical subsystem. Conversely, adjustment of the trans-
missivities of lens regions 186 to provide substantially zero
transmissivity while adjusting the transmissivities of lens
regions 187 to full transmissivity routes the visual input
through the second optical subsystem. Different interleaving
patterns can support three or more different optical sub-
systems.

[0087] Switching between two or more optical subsystems
according to either of the above described methods could be
controlled manually by the subject, by pushing a button or
intentionally generating a readily detected control signal (a
blink, etc.) or controlled automatically in response to ver-
gence movement of eyes, change in distance to the visual
target (detected, for example, by a rangefinder), or a suffi-
ciently large change in focal quality of the detected image.
According to either of the above embodiments, one or more of
the optical subsystems may be adjusted to the current state of
the visual input and the eye optics of the subject in order to
compensate for gradual changes in imaged focal quality,
while switching between the subsystems may be used to
compensate for more abrupt changes (for example, when the
subject switches abruptly from a near vision task, such as
reading the dashboard display of a car, to a distance vision
task, such as looking at the road ahead).

[0088] Various components of the system, including the
adjustable lens system, processor, and input and output image
detectors may require some form of power supply. While the
inventionis not limited to any particular type of power supply,
if the power supply is to be included in an eyeglass frame,
contact lens, or intraocular lens, it will typically be small and
lightweight. For embodiments in which the adjustable lens
system is mounted in an eyeglass frame, the device may be
conveniently powered by a battery. Photovoltaic cells may
also be used to provide power to the device. The power supply
and possibly other components of the device as well may be
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located at a distance from the adjustable lens system, and
power transmitted to the device, e.g. by inductive coupling or
by power-beaming. The power supply may include an induc-
tive coil or an antenna.

[0089] In some embodiments, the body of the subject may
be used as a power source for powering the device. Various
“energy scavenging” or “energy harvesting” devices are
known, or may be developed (see e.g., U.S. Pat. Nos. 6,615,
074, 6,655,035 and 6,768,246, and published U.S. Patent
applications 20030014091 and 20030165648, all of which
are incorporated herein by reference). For example, devices
that capture energy from body movement of the subject (e.g.,
inertial devices as are used to power self-winding wrist-
watches) may be used to power the device. Pressure and
chemical gradients within the body may also provide energy
for powering operation of the device. For example, energy
may be captured from the systolic-diastolic cycle or pulsatile
blood flow of the subject, or through a micro-turbine or pow-
ered shunt placed in the respired airflow of the subject.
Although reference has been made to a single power supply,
the invention is not limited to use of a single power supply,
and the invention includes embodiments in which separate
power supplies may be used for different parts of the system
or during different circumstances of operation of the system,
orboth. Various components of the system may have different
power sources in the system as a whole, may have one or
multiple power sources of various types and is not limited to
any specific power source configuration.

[0090] As depicted in FIG. 2, adjustable lens system 26
may be positioned with respect to eye 10 of the subject 28 via
mounting 30. Mounting 30 may take various forms, examples
ofwhich are illustrated in FIGS. 13 and 14. Mounting 30 may
be an eyeglass frame, as depicted previously in FIG. 2, or
helmet mounted frame 190, as in FIG. 13. Helmet 192 may be
of the type wom by an airplane pilot, for example. Alterna-
tively, mounting 30 may include a mechanical linkage 194
secured to a wall or ceiling or mounted on a base set on a table
or floor, such that, in use, the subject stands or sits, and the
equipment is held in fixed relationship to the subject’s eye, but
1s not attached directly to the subject’s head. In general, as
used herein, the term ‘base’ refers to any support or position-
ing structure to which mounting 30 is connected by a linkage
in order to maintain the lens or optical system in proper
relation to the subject’s eye. As with the embodiments of the
system in which mounting 30 is an eyeglass frame, other
components of the system may be mounted on the mounting,
or may be packaged separately.

[0091] The adjustable lens system may be implemented in
the form of an eyeglass lens, a contact lens, or intraocular
lens. The adjustable lens system (or at least a portion thereof)
may be formed in, on, or in spatial association with such
lenses, including placement behind or in front of such lenses,
in addition to being housed in or formed integrally with such
lenses. [t may also be implemented in other forms; as depicted
in FIGS. 13 and 14 it may be mounted in a helmet or in a
stationary mount of the type used for optometric devices. The
latter implementations are bulkier and present greater flex-
ibility with regard to choice of system components and inte-
gration thereof. Although a helmet is depicted in FIG. 13, it
will be appreciated that optical system components may be
positioned with respect to the head by a variety of head
mounted devices or structures, including headbands, hats,
and other head coverings, which may not only provide sup-
port to system components but also function as head apparel
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or adornment. For implementation of the system as eye-
glasses, and more particularly in the form of a contact lens or
intraocular lens, system components that are to be located in
or on the lens (e.g., the lens actuator and possibly sensor for
detecting a neural or neuromuscular signal) will preferably be
very small, light weight and of modest time-averaged power
demand. Certain components of the system may be packaged
separately from the adjustable lens system, thereby reducing
size and weight constraints. For example, certain components
of the system can be packaged in a case that can be carried in,
for example, the subject’s pocket. Wireless transmission of
data, control and power signals may be achieved via RF
transmission or inductive coupling or beaming. Various por-
tions of the system may also include transmission and receiv-
ing devices to provide for sending signals between physically
separated system components. Digital signals are thought to
be particularly suited for effectively error-free transmission
in such embodiments, but the practice of the methods herein
are not limited to any particular method of data transmission.
For eyeglass, helmet, or stationary mount devices, wiring
may be satisfactory for carrying power and data and control
signals.

[0092] With regard to the hardware and/or software used in
neural signal detection and analysis, as well as various
aspects of device control, those having skill in the art will
recognize that the state of the art has progressed to the point
where there is little distinction left between hardware and
software implementations of aspects of systems; the use of
hardware or software is generally (but not always, in that in
certain contexts the choice between hardware and software
can become significant) a design choice representing cost vs.
efficiency or implementation convenience tradeoffs. Those
having skill in the art will appreciate that there are various
vehicles by which processes and/or systems described herein
can be effected (e.g., hardware, software, and/or firmware),
and that the preferred vehicle will vary with the context in
which the processes are deployed. For example, if an imple-
menter determines that speed and accuracy are paramount,
the implementer may opt for a hardware and/or firmware
vehicle; alternatively, if flexibility is paramount, the imple-
menter may opt for a solely software implementation; or, yet
again alternatively, the implementer may opt for some com-
bination of hardware, software, and/or firmware. Hence,
there are several possible vehicles by which the processes
described herein may be effected, none of which is inherently
superior to the other in that any vehicle to be utilized is a
choice dependent upon the context in which the vehicle will
be deployed and the specific concerns (e.g., speed, flexibility,
or predictability) of the implementer, any of which may vary.
Those skilled in the art will recognize that optical aspects of
implementations will require optically-oriented hardware,
software, and or firmware.

[0093] The foregoing detailed description has set forth vari-
ous embodiments of the devices and/or processes via the use
of block diagrams, flowcharts, and/or examples. Insofar as
such block diagrams, flowcharts, and/or examples contain
one or more functions and/or operations, it will be implicitly
understood by those with skill in the art that each function
and/or operation within such block diagrams, flowcharts, or
examples can be implemented, individually and/or collec-
tively, by a wide range of hardware, software, firmware, or
virtually any combination thereof. In one embodiment, sev-
eral portions of the subject matter subject matter described
herein may be implemented via Application Specific Inte-
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grated Circuits (ASICs), Field Programmable Gate Arrays
(FPGAs), digital signal processors (DSPs), or other inte-
grated formats. However, those skilled in the art will recog-
nize that some aspects of the embodiments disclosed herein,
in whole or in part, can be equivalently implemented in stan-
dard integrated circuits, as one or more computer programs
running on one or more computers (e.g., as one or more
programs running on one or more computer systems), as one
Or more programs running on one or more processors (e.g., as
One or more programs running on one or more microproces-
sors), as firmware, or as virtually any combination thereof,
and that designing the circuitry and/or writing the code for the
software and/or firmware would be well within the capabili-
ties of one of skill in the art in light of this disclosure. In
addition, those skilled in the art will appreciate that the
mechanisms of the subject matter described herein are
capable of being distributed as a program product in a variety
of forms, and that an illustrative embodiment of the subject
matter described herein applies equally regardless of the par-
ticular type of signal bearing media used to actually carry out
the distribution. Examples of a signal bearing media include,
but are not limited to, the following: recordable type media
such as floppy disks, hard disk drives, CD ROMs, digital tape,
and computer memory semiconductor devices; and transmis-
sion type media such as digital and analog communication
links using TDM or IP-based communication links (e.g., links
carrying packetized data).

[0094] 1In a general sense, those skilled in the art will rec-
ognize that the various aspects described herein which can be
implemented, individually and/or collectively, by a wide
range of hardware, software, firmware, or any combination
thereof can be viewed as being composed of various types of
“electrical circuitry.”” Consequently, as used herein “electrical
circuitry” includes, but is not limited to, electrical circuitry
having at least one discrete electrical circuit, electrical cir-
cuitry having at least one integrated circuit, electrical cir-
cuitry having at least one application specific integrated cir-
cuit, electrical circuitry forming a general purpose computing
device configured by a computer program (e.g., a general
purpose computer configured by a computer program which
at least partially carries out processes and/or devices
described herein, or a microprocessor configured by a com-
puter program which at least partially carries out processes
and/or devices described herein), electrical circnitry forming
a memory device (e.g., forms of random access memory),
and/or electrical circuitry forming a communications device
(e.g., amodem, communications switch, or optical-electrical
equipment).

[0095] Those skilled in the art will recognize that it is
common within the art to describe devices for neural and/or
neuromuscular signal detection and analysis, optical system
control, and/or processes in the fashion set forth herein, and
thereafter use standard engineering practices to integrate such
described devices and/or processes into vision enhancement
systems as exemplified herein. That is, at least a portion of the
devices and/or processes described herein can be integrated
into a vision enhancement system via a reasonable amount of
experimentation. Those having skill in the art will recognize
that such systems generally include one or more of a memory
element such as volatile and/or non-volatile semiconductor-
based memory, processors such as microprocessors and digi-
tal signal processors, computational-supporting or -associ-
ated entities such as operating systems, user interfaces,
drivers, sensors, actuators, applications programs, one or
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more interaction devices, such as data ports, control systems
including feedback loops and control-implementing actua-
tors (e.g., devices for sensing position and/or velocity and/or
acceleration or time-rate-of-change thereof; control motors
for moving and/or adjusting components and/or quantities). A
typical vision enhancement system may be implemented uti-
lizing any suitable available components, such as those typi-
cally found in appropriate computing/communication sys-
tems, combined with standard engineering practices.

[0096] The foregoing-described aspects depict different
components contained within, or connected with, different
other components. It is to be understood that such depicted
architectures are merely exemplary, and that in fact many
other architectures can be implemented which achieve the
same functionality. In a conceptual sense, any arrangement of
components to achieve the same functionality is effectively
“associated” such that the desired functionality is achieved.
Hence, any two components herein combined to achieve a
particular functionality can be seen as “associated with” each
other such that the desired functionality is achieved, irrespec-
tive of architectures or intermediate components. Likewise,
any two components so associated can also be viewed as
being “operably connected”, or “operably coupled”, to each
other to achieve the desired functionality.

[0097] While particular aspects of the present subject mat-
ter described herein have been shown and described, it will be
obvious to those skilled in the art that, based upon the teach-
ings herein, changes and modifications may be made without
departing from this subject matter described herein and its
broader aspects and, therefore, the appended claims are to
encompass within their scope all such changes and modifica-
tions as are within the true spirit and scope of this subject
matter described herein. Furthermore, it is to be understood
that the invention is defined by the appended claims. It will be
understood by those within the art that, in general, terms used
herein, and especially in the appended claims (e.g., bodies of
the appended claims) are generally intended as “open” terms
(e.g., the term “including” should be interpreted as “including
but not limited to,” the term “having” should be interpreted as
“having at least,” the term “includes” should be interpreted as
“includes but is not limited to,” etc.). It will be further under-
stood by those within the art that if a specific number of an
introduced claim recitation is intended, such an intent will be
explicitly recited in the claim, and in the absence of such
recitation no such intent is present. For example, as an aid to
understanding, the following appended claims may contain
usage of the introductory phrases “at least one” and “one or
more” to introduce claim recitations. However, the use of
such phrases should NOT be construed to imply that the
introduction of a claim recitation by the indefinite articles “a”
or “an”limits any particular claim containing such introduced
claim recitation to inventions containing only one such reci-
tation, even when the same claim includes the introductory
phrases “one or more” or “at least one” and indefinite articles
such as “a” or “an” (e.g., “a” and/or “an” should typically be
interpreted to mean “at least one” and/or “one or more”); the
same holds true for the use of definite articles used to intro-
duce claim recitations. In addition, even if a specific number
of an introduced claim recitation is explicitly recited, those
skilled in the art will recognize that such recitation should
typically be interpreted to mean at least the recited number
(e.g., the bare recitation of “two recitations,” without other
modifiers, typically means at least two recitations, or two or
more recitations). Furthermore, in those instances where a
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convention analogous to “at least one of A, B, and C, etc.” is
used, in general such a construction is intended in the sense of
one having skill in the art would understand the convention
(e.g., “a system having at least one of A, B, and C” would
include but not be limited to systems that have A alone, B
alone, C alone, A and B together, A and C together, B and C
together, and/or A, B, and C together). In those instances
where a convention analogous to “at least one of A, B, or C,
etc.” is used, in general such a construction is intended in the
sense of one having skill in the art would understand the
convention (e.g., “a system having at least one of A, B, or C”
would include but not be limited to systems that have A alone,
B alone, C alone, A and B together, A and C together, B and
C together, and/or A, B, and C together).

[0098] Although the methods, devices, systems and
approaches herein have been described with reference to cer-
tain preferred embodiments, other embodiments are possible.
As illustrated by the foregoing examples, various choices of
adjustable lens system configuration and neural or neuromus-
cular signal sensor configuration may be within the scope of
the invention. As has been discussed, the choice of system
configuration may depend on the intended application of the
system, the environment in which the system is used, cost,
personal preference or other factors. Image analysis and lens
system control processes may be modified to take into
account choices of lens system and image detector configu-
ration, and such modifications, as known to those of skill in
the arts of image analysis, control system design, and other
relevant arts, may fall within the scope of the invention.
Therefore, the full spirit or scope of the invention is defined
by the appended claims and is not be limited to the specific
embodiments described herein.

1.-26. (canceled)

27. A method of providing ongoing adaptive vision modi-
fication with at least one adjustable optical element, compris-
ing the steps of:

a) detecting a neural signal from one or more regions of a

central or peripheral nervous system of a subject;

b) inferring a relation between a component of said neural
signal and a quality parameter of a visual input to at least
one eye of said subject; and

¢) adjusting the at least one adjustable optical element in
near-real time in response to the inferred relation
between said component of said neural signal and said
quality parameter in order to modify said quality param-
eter of said visual input.

28. The method of claim 27, wherein detecting said neural
signal is performed through the use of magnetic resonance
detection or imaging.

29. The method of claim 27, wherein detecting said neural
signal is performed through the use of at least one electrode
placed on or in the immediate proximity of the head of said
subject.

30. The method of claim 27, wherein said neural signal is
an electroencephalographic or magnetoencephalographic
signal.

31. The method of claim 27, wherein said neural signal is
an optoelectronic or electrooptical measure of neural activity.

32. The method of claim 31, wherein said neural signal is
detected using near infrared imaging.

33. The method of claim 31, wherein said neural signal is
an optoelectronic or electrooptical measure of at least one
indicator of neural metabolic activity.
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34. The method of claim 31, wherein said neural signal is
an optoelectronic or electrooptical measure of at least one
aspect of blood flow in a neural structure.

35. The method of claim 27, wherein said adjustable opti-
cal element comprises a lens system.

36. The method of claim 35, wherein said lens system
comprises an elastically deformable shell surrounding an
inter-lens space, and wherein adjusting said adjustable optical
element comprises adjusting a volume or pressure of fluid in
said inter-lens space.

37. The method of claim 35, wherein adjusting said adjust-
able optical element comprises adjusting a focal length of
said lens system.

38. The method of claim 35, wherein adjusting said adjust-
able optical element comprises adjusting at least one aspect of
a cylindrical correction of said lens system.

39. The method of claim 35, wherein adjusting said adjust-
able optical element comprises adjusting a distance of said
optical element relative to an eye surface of the subject.

40. The method of claim 35, wherein adjusting said adjust-
able optical element comprises adjusting a chromatic aberra-
tion correction of said lens system.

41. The method of claim 35, wherein adjusting said said
adjustable optical comprises moving said lens system relative
to a second lens.

42. The method of claim 27, wherein adjusting said adjust-
able optical element comprises changing an angle of said
optical element with respect to an optical axis of said eye.

43. The method of claim 27, wherein adjusting said adjust-
able optical element comprises changing a transverse posi-
tion of said optical element with respect to a optical axis of
said eye.

44. The method of claim 27, wherein adjusting said adjust-
able optical element comprises changing an effective aperture
of said optical element.

45. The method of claim 27, wherein adjusting said adjust-
able optical element comprises changing a transmissivity of
said optical element in at least one spectral waveband.

46. The method of claim 27, including repeating steps a)
through ¢) at least about once every 3 seconds.

47. The method of claim 27, including repeating steps a)
through c) at least about once per second.

48. The method of claim 27, including repeating steps a)
through ¢) at least about three times per second.

49. The method of claim 27, including repeating steps a)
through c) with an update rate of between about ¥4 Hz and
about 10 Hz.

50. The method of claim 27, including repeating steps a)
through ¢) with an update rate of between about 1 Hz and
about 10 Hz.

51. The method of claim 27, including repeating steps a)
through ¢) with an update rate of between about 1 Hz and
about 3 Hz.

52. The method of claim 27, including repeating steps a)
through ¢) with an update rate at least as great as an expected
intrinsic accommodation rate of said eye of said subject.

53. The method of claim 27, including repeating steps a)
through ¢) with an update rate at least as great as an expected
visual pigment reversal rate of at least a subset of the photo-
receptors of said eye.

54. A method of providing ongoing adaptive vision modi-
fication with at least one adjustable optical element, compris-
ing the steps of:
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a) detecting a neural signal from one or more regions of a between said component of said neural signal and said
central or peripheral nervous system of a subject; quality parameter in order to modify said quality param-
eter of said visual input; and

d) repeating steps a) through c) in order to modify said
quality parameter of said visual input to provide ongoing
adaptive vision modification to the subject.

b) inferring a relation between a component of said neural
signal and a quality parameter of a visual input to at least
one eye of said subject;

¢) adjusting the at least one adjustable optical element in
near-real time in response to the inferred relation ok R R %
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