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Optical Rangefinder for an Electro-Active Lens

Inventors: Joshua N. Haddock, William Kokonaski, Dwight P. Duston,-Ronald D. Blum,
and Scott Richman

CROSS REFERENCE TO RELATED APPLICATIONS

[001] This application claims priority from and incorporates by reference in their

entirety the following U.S. Provisional Patent Applications:

Serial No. 60/802,802, titled “Optical Rangefinder for Activating Electro-Active
Spectacle Lenses Based on a Threshold Measurement of Optical Intensitf’, filed
on May 24, 2006;

Serial No. 60/802,803, titled “Reduction of Specular Reflections When Using an
Optical Rangefinder to Operate Electro-Active Spectacle Lenses”, filed on May
24, 2006;

Serial No. 60/873,962, titled “Passive Rangefinder”, filed on December 11, 2006;

and

Serial No. 60/876,474, titled “Passive Rangefinder”, filed on December 22, 2006.

BACKGROUND OF THE INVENTION

Field of the Invention

[002] The present invention relates to rangefinder devices. More specifically, the

present invention relates to rangefinder devices for electro-active lenses.

Description of the Prior Art

i

[003] Presbyopia is the loss of accommodation of the crystalline lens of the human eye
that often accompanies aging. This loss of accommodation results in an inability to focus
on near objects. The standard tools for correcting presbyopia are multi-focal spectacle
lenses. A multi-focal lens is a lens that has more than one focal length (i.e. optical
power) for correcting focusing problems across a range of distances. Multi-focal

spectacle lenses work by means of a division of the lens’s area into regions of different
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optical powers. Typically, a relatively large area located in the upper portion of the lens
corrects for far distance vision errors, if any. A small area located in the bottom portion
of the lens provides additional optical power for correcting near distance vision errors
caused by presbyopia. A multifocal lens may also contain a small region located in the
middle portion of the lens which provides additional optical power for correcting
intermediate distance vision errors. Near distance is defined as being approximately 8” to
approximately 17” from the wearer’s eyes, intermediate distance is defined as being
approximately 17” to approximately 42” from the wearer’s eyes, and far distance is

defined as being greater than approximately 42” from the wearer’s eyes.

[004] The transition between the regions of different optical power may be either
abrupt, as is the case for bifocal and trifocal lenses, or smooth and continuous, as is the
case with progressive addition lenses. There are problems associated with these two
approaches that can be objectionablé to some patients. The visible line of demarcation
associated with bifocals and trifocals can be aesthetically displeasing. Additionally, the
abrupt change .in optical power between regions may cause image jump. The smooth
transition regions associated with progressive addition lenses cause unwanted
astigmatism in the lens leading to blurred and distorted vision, which, in some patients,
causes physical discomfort. Furthermore, in both approaches, the placement of the near
vision correction area near the bottom edge of the lens requires patients to adopt a

somewhat unnatural downward gaze for near vision tasks.

[005] Electro-active lenses are an aftractive alternative to conventional multifocal
lenses. In an electro-active lens, an electro-active optical element may be embedded
within or attached to an optical substrate. The optical substrate may be a finished, semi-
finished or unfinished lens blank. When a semi-finished or unfinished lens blank is used,
the lens blank may be finished during manufacturing of the lens to have one or more
optical powers. An electro-active optical element may also be embedded within or
attached to a conventional optical lens. The conventional optical lens may be a single
focus lens or a multi-focal lens such as a progressive addition lens or a bifocal or trifocal
lens. The electro-active optical element may be located in a portion or in the entire
viewing area of the electro-active lens. The electro-active optical element may be spaced

from the peripheral edge of the optical substrate for edging the electro-active lens for
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spectacles. The electro-active element may be located near the top, middle or bottom
portion of the lens. When substantially no voltage is applied, the electro-active optical
element may be in a deactivated state in which it provides substantially no optical power.
In other words, when substantially no voltage is applied, the electro-active optical
element may have the same refractive index as the optical substrate in which it is
embedded. When voltage is applied, the electro-active optical element may be in an
activated state in which it provides optical add power. In other words, when voltage is
applied, the electro-active optical element may have a different refractive index than the

optical substrate in which it is embedded.

[006] Electro-active lenses may be used to correct for conventional or non-conventional
errors of the eye. The correction may be created by the electro-active element, the
conventional optical lens or by a combination of the two. Conventional errors of the eye
include near-sightedness,. far-sightedness, presbyopia, and astigmatisfn. Non- .
conventional errors of the eye include higher-order aberrations, irregular astigmatism,

and ocular layer irregularities.

[007] Liquid crystal may be used as a portion of the electro-active optical element as the
refractive index of a liquid crystal can be changed by generating an electric field across
the liquid crystal. Such an electric field may be generated by applying one or more
voltages to electrodes located on both sides of the liquid crystal. Liquid crystal based
electro-active optical elements may be particularly Well suited for use as a portion of the
electro-active optical element since it can provide the required range of optical add
powers (plano to +3.00D). This range of optical add powers may be capable of
correcting presbyopia in the majority of patients. Finally, liquid crystal can be uwsed to
make optics having a diameter greater than 10 mm, which is the minimum size necessary

to avoid user discomfort.

[008] A thin layer of liquid crystal (less than 10 pm) may be used to construct the
electro-active multi-focal optic. When a thin layer is employed, the shape and size of the
electrode(s) may be used to induce certain optical effects within the lens. Electrodes may
be “patterned”, which is defined herein as meaning the electrodes may have any size,

shape, and arrangement such that with the application of appropriate voltages to the
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electrodes the optical power created by the liquid crystal is created diffractively. For
example, a diffractive grating can be dynamically produced within the liquid crystal by
using concentric ring shaped electrodes. Such a grating can produce an optical add
power based upon the radii of the rings, the widths of the rings, and the range of voltages
separately applied to the different rings. Electrodes may be “pixilated”, which is defined
herein as meaning the electrodes may have any size, shape, and arrangement such that
each electrode is individually addressable. Furthermore, because the electrodes are
individually addressable, any arbitrary pattern of voltages may be applied to the
electrodes. For example, pixilated electrodes may be squares or rectangles arranged in a
Cartesian array or hexagons arranged in a hexagonal array. Such an array of pixilated
electrodes may be used to generate optical add powers by emulating a diffractive,
concentric ring electrode structure. Pixilated electrodes may also be used to correct for
higher-order abenationé of the eye in a manner similar to that used for correcting
atmospheric tufBuleﬂce effects in ground-based astronomy. This fechﬁique, referred tonas

adaptive optics, can be either refractive or diffractive and is well known in the art.

[009] Alternately, a single continuous electrode may be used alone or with a specialized
optical structure known as a surface relief diffractive optic. Such an optic contains a
physical substrate which may be designed to have a fixed optical power and/ or
aberration correction. By applying voltage to the liquid crystal through the electrode, the
power/ aberration correction can be switched on and off by means of refractive index
mismatching and matching, respectively. The required operating voltages for such thin

layers of liquid crystal may be quite low, typically less than 5 volts.

[0010] A thicker layer of liquid crystal (typically > 50 um) may also be used to construct
the electro-active multi-focal optic. For example, a modal lens may be employed to
create a refractive optic. Known in the art, modal lenses incorporate a single, continuous
low conductivity circular electrode surrounded by, and in electrical contact with, a single
high conductivity ring-shaped electrode. Upon application of a single voltage to the high
conductivity ring electrode, the low conductivity electrode, essentially a radially
symmetric, electrically resistive network, produces a voltage gradient across the layer of

liquid crystal, which subsequently induces a refractive index gradient in the liquid cryétal.
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A layer of liquid crystal with a refractive index gradient will function as an electro-active
lens and will focus light incident upon it. Regardless of the thickness of the liquid crystal
layer, the electrode geometry or the errors of the eye that the electro-active element
corrects for, such electro-active spectacle lenses may be fabricated in a manner very
similar to liquid crystal displays and in doing so would benefit from the mature parent

technology.

[0011] An electro-active spectacle lens that provides correction for presbyopia may have
to change the optical add power that it provides as a user of the lens looks at objects at
different distances. An object that is far away from the user may require less optical add

power than an object that is near the user.

[0012] Thus, a device is needed which can detect the distance of viewed objects from the
user and change the optical power of the electro-active lens such that these objects are

properly focused.

SUMMARY OF THE INVENTION

[0013] In an embodiment of the invention a range finding device may be operably
coupled to an electro-active lens. The range finding device may include a transmitter for
transmitting electro-magnetic energy to an object. The range finding device may further
include a receiver for receiving a reflection of at least a portion of the electro-magnetic
energy from the object. The range finding device may further include a controller
operably coupled to the receiver for determining an optical power of the electro-active

lens based on an intensity of the reflection.

[0014] In an embodiment of the invention a range finding device may be operably
coupled to an electro-active lens. The range ﬁnd{ng device may include a transmitter for
transmitting electro-magnetic energy to an object. The range finding device may further
include a receiver for predominantly receiving a diffuse reflection of at least a portion of
the electro-magnetic energy from the object. The range finding device may further
include a controller operably coupled to the receiver for determining an optfcal power of

the electro-active lens based on an intensity of the reflection.
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[0015] In an embodiment of the invention a range finding device may be operably
coupled to an electro-active lens. The range finding device may include a transmitter for
transmitting electro-magnetic energy to an object. The range finding device may further
include a receiver for predominantly receiving a diffuse reflection of at least a portion of
the electro-magnetic energy from the object. The range finding device may further
include a controller operably coupled to the receiver for determining an optical power of

the electro-active lens based on a time of flight of the reflection.

[0016] In an embodiment of the invention a range finding device may be operably
coupled to an electro-active lens. The range finding device may include a transmitter for
transmitting electro-magnetic energy to an object. The range finding device may further
include a receiver for receiving a reflection of at least a portion of the electro-magnetic
energy from the object. The range finding device may further include an optical isolator
for primarily allowing a diffuse reflection to reach the receiver and for substantially
preventing a specular reflection from reaching the receiver. The range finding device
may further include a controller operably coupled to the receiver for determining an

optical power of the electro-active lens based on an intensity of the diffuse reflection.

[0017]} In an embodiment of the invention a range finding device may be operably
coupled to an electro-active lens. The range finding device may include a transmitter for
transmitting electro-magnetic ehergy to an object. The range finding device may further
include a receiver for receiving a reflection of at least a portion of the electro-magnetic
energy from the object. The range finding device may further include an optical isolator
for primarily allowing a diffuse reflection to reach the receiver and for substantially
preventing a specular reflection from reaching the receiver. The range finding device
may further include a controller operably coupled to the receiver for determining an

optical power of the electro-active lens based on a time of flight of the diffuse reflection.

[0018] In an embodiment of the invention a range finding device may be operably
coupled to an electro-active lens. The range finding device may include a focusing
element having a fixed focal length for producing a focused image of an object. The
range finding device may further include an image sensor array for receiving the focused

image and producing an image signal therefrom. The range finding device may further
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include a controller operably coupled to the image sensor array for determining an optical

power of the electro-active lens based on a focus measure of the image signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Embodiments of the invention will be understood and appreciated more fully
from the following detailed description in conjunction with the drawings in which like

reference numerals indicate corresponding, analogous or similar elements, and in which:

[0020] Figure 1 shows an amount of presbyopia correction (optical add power in
diopters) versus a power (in Watts) of light measured by a receiver in an embodiment of

an intensity rangefinder;

[0021] Figure 2 shows a first embodiment of a diffuse reflection range finder in which a
receiver is placed relative ‘to -a transmitter such that specular reflected light is directed: -

away from the receiver;

[0022] Figure 3 shows a second embodiment of a diffuse reflection range finder in which
a transmitter is placed such that specular reflected light is directed back to the transmitter

and away from a receiver;

[0023] Figures 4a and 4b show an embodiment of an optical isolator used in an active

range finder; and

[0024] Figure 5 shows an embodiment of a focus measure range finder.

DESCRIPTION OF THE PREFERRED EMBODIMENT

[0025] In the following description, various aspects of the present invention will be
described. For purposes of explanation, specific configurations and details are set forth
in order to provide a thorough understanding of the present invention. However, it will
be apparent to one skilled in the art that the present invention may be practiced without
the specific details presented herein. Furthermore, well-known features may be omitted

or simplified in order not to obscure the present invention. Various examples are given
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throughout this description. These are merely descriptions of specific embodiments of

the invention. The scope of the invention is not limited to the examples given.

[0026] Correcting presbyopia with an electro-active lens requires a means for both
detecting the presence of objects in the visual field and determining the distance of the
objects from a user so that an appropriate amount of correction is applied. If the electro-
active lens automatically changes its optical add power whenever the user attempts to
focus on an object at a different distance, it is said to provide “on-demand correction”.
Optical range finding is a possible means for carrying out this task. Optical range finding
may be either “active” or “passive”. Active range finding works by emitting from a
transmitter optical radiation directed at an object a user is looking at within the visual
field. The optical radiation may be any eye-safe electromagnetic radiation such as a laser
beam, infrared light or the like. The optical radiation may then be reflected and/or
scattered off the object. The reflected and/or scattered optical radiation may.then be
received with an appropriate receiver. The received optical radiation may then be
processed by appropriate circuitry to determine a distance to the object. Passive range
finding works without a transmitter. Instead, an appropriate receiver receives ambient
sources of light from an object a user is looking at within the visual field. The received

light may then be processed by appropriate circuitry to determine a distance to the object.

[0027] In describing embodiments of the invention, words such as “determining”,
“calculating”, “processing”, and the like may be used. It is to be understood that these
operations may be performed by a controller which may include devices such as a
processor, a signal processor, an FPGA, a CPLD, or the like. The term “rangefinder” is
meant to include all necessary circuitry, electrical connections, transmitters, receivers,
controllers, and the like in order to determine a distance to which a user is looking and
apply an appropriate amount of optical add power to an electro-active lens. These
components may be integrated into one component or may be separated into different
components for aesthetic or functional reasons. The controller may be electrically
connected to the transmitter and may control when the transmitter transmits a signal, the

length of transmission, the power of transmission, and the like. The controller may be

electrically connected to the receiver and may receive an electrical signal from the
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receiver based upon the signal the receiver received. The controller may be electrically

connected to the electro-active element and may control the optical power of the element.

[0028] In an embodiment of the invention, an active form of range finding known as
“time-of-flight” range finding may be used. In a time-of-flight rangefinder a pulse of
light may be transmitted to an object in the visual field at which a user is looking. A
receiver may receive the light reflected and/or scattered off the object. The distance may
then be determined by first measuring the time it takes the light pulse to make a round
trip after reflecting and/or écattering off the object. The time may then be divided by two
to determine the time it took the light pulse to reach the object. This result may then be
multiplied by the speed of light to determine the distance to the object. Once the distance
is determined, the rangefinder may adjust the optical add power of the electro-active lens

such that the object appears in correct focus to the user.

[0029] In such an embodiment, because the speed of light is so fast (nearly 300 million
meters per second), light will have a very short round trip time. For example, light
reflected off an object that is 5 meters away will have a round trip time of roughly 33
billionths of a second. In order to ensure accurate reception and processing of the signal,
the receiving circuitry must operate at least as quickly as the fastest round trip time
anticipated. For such applications, due to the small distances involved, gigahertz speeds
may be required. Although extremely accurate, a possible disadvantage of such an
embodiment is that a time-of-flight rangefinder may draw an excessive amount of

electrical power.

[0030] In another embodiment of the invention, an active form of range finding known as
“intensity” range finding may be used. In an intensity rangefinder light may be
transmitted by a transmitter to an object in the visual field at which a user is looking. A
receiver may receive the light reflected and/or scattered off the object. A controller may
then determined the distance by correlating the intensity of the received light to the
distance of the object from the user. Once the distance is determined, the controller may
adjust the optical add power of the electro-active lens such that the object appears in

correct focus to the user.
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[0031] A range finder that measures intensity may operate on the assumption that all
objects reflect and/or scatter light equally. Under such an assumption, an amount of light
that is collected by the receiver may be directly correlated to the distance of the object
from the transmitter. Based on the determined distance, an appropriate optical add power
may be applied to the electro-active lens to properly correct for presbyopia. To correlate
measured intensity with optical add power the intensity range finder may use one of the
methods that is illustrated in Figure 1. Figure 1 shows the amount of presbyopia
correction (optical add power in diopters) versus the power (in Watts) of the light
measured by the receiver in an embodiment of the invention. In other embodiments of
the invention optical add power may be correlated with luminous flux, radiant flux,
radiant energy, radiant intensity or the like. It should be noted that the actual optical add
power necessary to correct for presbyopia is different for each individual. Figure 1 is
meant to be illustrative of a possible correlation between optical add power and received

light and is not indicative of the actual values of such a correlation.

[0032] In an embodiment of the invention, one method of correlating optical add power
with received light is a continuous multi-focal method which is depicted with a solid line
in Figure 1. In the continuous multi-focal method add power may be continuously
adjusted as focusing distance, and hence the received light intensity, changes in order to
provide an optimum presbyopia correction. This approach may be difficult to implement,
as the drive electronics may be complicated. For example, such a system may require
sufficient memory to store a look-up table for all correlation values as well as precision
driver circuitry to provide the plurality of voltages that need to be applied to the various
electrodes. Additionally, the assumption of equal reflection and/or scattering of light

from all objects may not be valid in a great number of situations.

[0033] In an embodiment of the invention, another method of correlating optical add
power with received light is a discontinuous multi-focal method. A bifocal discontinuous
approach is depicted with a dashed line in Figure 1. A trifocal discontinuous approach is
depicted with a dotted line in Figure 1. In the discontinuous multi-focal method add
power may be a fixed value for a range of received light intensities, and hence a range of
focusing distances. When the light intensity changes from a first range to a second range,

the optical add power may change from a first fixed value to a second fixed value. The
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point at which the optical add power changes may differ depending on whether the light
intensity changes from a first range to a second range or from a second range to a first
range. The change i1_1 optical add power may be abrupt or may change according to a
linear, quadratic, logarithmic or exponential function. Thus, one or more threshold levels
may be set for the light intensity such that the optical power only changes when the light
intensity crosses the threshold level. As shown in Figure 1, the bifocal discontinuous
approach may be enabled by means of one threshold level while the trifocal
discontinuous approach may be enabled by means of two threshold levels. In other

embodiments three or more thresholds may be used.

[0034] The discontinuous method may be electronically simpler and more functionally
robust. The threshold levels may be hardwired within the drive electronics thus negating
the need for a complicated look-up table. Additionally, the drive circuitry may only need
to provide a small number of voltages. Finally, the threshold levels may be set such that
they represent the reflection and/or scattering of light in typical situations in which

presbyopia correction is required.

[0035] When rangefinders employ a transmitter and receiver to determine distance, it is
possible that the transmitted light will reflect off of nearby objects when a user is actually
looking past those objects into the distance. In such a scenario, the receiver will receive
light from the nearby objects and the rangefinder may erroneously determine that the user
is looking at the nearby objects. The rangefinder may then apply too much optical add
power to the electro-active lenses and the user may not be able to see distant objects in
focus. An example of such a scenario is when a user stands very close to a window while
looking into the distance. The transmitted light may reflect off of the window instead of
reflecting off of the distant objects causing the range finder to detect the presence of the

window and assume that the user is looking at near objects.

[0036] In such a situation the reflections off the smooth glass surface are said to be
specular and behave in a predictable and well-understood manner such that the angle at
which light is incident on a material is equal to the angle at which light is reflected from
the material. An everyday example of specular reflections is the reflection of light off of

a mirror. Light may also reflect off of a material in a diffuse manner. Diffuse reflections
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occur when light is incident on a material and the light is reflected back at a number of
angles. An everyday example of diffuse reflections is the reflection of light off of matte
paints. The well-understood behavior of specular reflections allows the design of a range
finding system in which specular reflections may be mostly ignored. Instead, the range
finding system may make use of diffusely reflected and/or scattered light to determine
object presence and distance. For example, the range finding system may make use of
diffusely reflected light to determine the distance to an object by correlating the intensity
of the received light to the distance of the object from the user. The range finding system
may make use of diffusely reflected light to determine the distance to an object by
calculating a time of flight of the light from the object to the user.

[0037] In another embodiment of the invention, an active form of range finding known as
“diffuse reflection” range finding may be used. In diffuse reflection range finding the
transmitter and receiver may be positioned to receive diffuse reflections and not specular

reflections.

[0038] In a first embodiment of the invention shown in Figure 2, a pair of electro-active
spectacles 101 has a controller (not shown) connected to a range finding transmitter 102
and a range finding receiver 103. The transmitter and the receiver may be located near
each other. A pair consisting of the transmitter and the receiver may be placed within a
lens 104. To reduce specularly reflected light from reaching the receiver, a transmitted
light 105 may be emitted at an angle such that a specular reflection from a near distance
106 and a specular reflection from an intermediate distance 107 may be directed away
from the receiver. However, a diffuse reflection (not shown) may be received by the
receiver. The controller may then use the diffuse reflection to determine a distance from
an object to the user and apply an appropriate amount of optical power to the electro-
active element such that the object is correctly focused. In the case where light
transmitted from the transmitter of one lens is detected by the receiver of the other lens,
the time-of-flight of the reflected light may be sufficiently long, or the reflected power

sufficiently low, so as to not trigger the operation of the rangefinder.

[0039] In a second embodiment of the invention shown in Figure 3, a pair of electro-

active spectacles 201 has a controller (not shown) connected to a range finding

12
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transmitter 202 and a range finding receiver 203. The transmitter and the receiver may be
located separately from each other. The transmitter may be placed within a lens 204 and
the receiver may be placed within a frame 208. To reduce specularly reflected light from
reaching the receiver a transmitted light 205 may be emitted at an angle such that a
specular reflection from a near distance 206 and a specular reflection from an
intermediate distance 207 may be redirected back to the transmitter and away from the
receiver. However, a diffuse reflection (not shown) may be received by the receiver.
The controller may then use the diffuse reflection to determine a distance from an object
to the user and apply an appropriate amount of optical power to the electro-active element
such that the object is correctly focused. In the case where light transmitted from the -
transmitter of one lens is detected by the receiver, the time-of-flight of the reflected light
may be sufficiently long, or the reflected power sufficiently low, so as to not trigger the

operation of the rangefinder.

[0040] In the above embodiments depicted in Figures 2-3 the transmitter and receiver are
shown placed in certain positions of the frame and lenses. It should be noted that other
placements are possible as long as the transmitter and receiver are located relative to one
another to prevent the receiving of specular reflections. For example, the transmitter and
the receiver may, separately or together, be placed on or in a frame, on or in a frame

hinge, on or in a nose bridge or on or in a lens.

[0041] While the above transmitter and receiver configurations may reduce the
possibility of specular reflections reaching the receiver, these configurations may not
completely eliminate the possibility of such an occurrence. In an embodiment of the
invention shown in Figure 4a and Figure 4b an optical isolator may be used to
completely block specular reflections of transmitted light in an active rangefinder. The
rangefinder may include a controller (not shown) connected to a range finding transmitter
303 and a range finding receiver 304. Because the optical isolator completely blocks
specular reflections, the transmitter and the receiver may be located relative to one
another such that specular reflections would normally reach the receiver. As shown in
Figures 4a and 4b, an optical isolator is comprised of a linear polarizer 301 and a quarter-
wave plate 302 in series. The linear polarizer may be placed in front of the transmitter

and the receiver and the quarter-wave plate may be placed in front of the linear polarizer.
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In embodiments of the invention, the linear polarizers and quarter-wave plates may be
made from thin plastic films laminated together and may be used as a “filter” for
blocking specular reflections. The polarization axis, or pass axis, of the polarizer may be
oriented at 45 degrees to either the slow or fast axis (the two axes are orthogonal) of the
quarter-wave plate. In such an orientation, unpolarized light emitted from the transmitter
emerges from the optical isolator circularly polarized with either right-handedness or left-

handedness.

[0042] In Figure 4a, the circularly polarized light is reflected from an optically smooth
surface (producing a specular reflection) and, in a physical phenomenon well known in
the art, the handedness of the circular polarization switches (either left to right or right to
left). Upon reaching the receiver, the quarter-wave plate acts upon the light and changes
the polarization state of the light back to linear. However, due to the change in
- handedness that occurred upon reflection, the plane of linear polarization is now
orthogonal to the polarization axis of the polarizer. Therefore, the polarizer blocks the
specularly reflected light from reaching the receiver. In Figure 4b the configuration is
identical, but the light now interacts with an optically rough surface and is scattered back
towards the receiver. In this case, the polarization state of the light is not maintained (the
polarization is now more random). Therefore, some of the light will pass through the
polarizer and reach the receiver. The controller may then use the received reflection to
determine a distance from an object to the user and apply an appropriate amount of

optical power to the electro-active element such that the object is correctly focused.

[0043] Active range finding systems may consume a considerable amount of electrical
power since it may be required to generate a signal of sufficient power to ensure a good
signal to noise ratio for the return signal. Additionally, in time-of-flight range finding
systems the high sampling speed required to determine the roundtrip may also require

significant electrical power;

[0044] In another embodiment of the invention, a passive form of range finding known as
“focus measure” range finding may be used. In focus measure range finding one or more
image sensor arrays may be used. The image sensor array may be CCD or CMOS

imaging circuits such as those employed in digital cameras and the like. Each image
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sensor array may be covered by a focusing element which provides correct focus at a
different focal distance. For example, three image sensors arrays may be used such that
the first one provides correct focus for near distances, the second one provides correct
focus for intermediate distances and the third one provides correct focus for far distances.
Other arrangements are possible. For example, only two image sensors arrays may be
used in which one provides proper focus for near distances and the other for far distances.
As a user looks at objects at various distances, a determination of which image sensor
array provides an in-focus image may be made. Based on this determination, a correct

amount of optical add power may be provided to the electro-active lens.

[0045] An in-focus image may generally have higher contrast than an out-of-focus
image. Thus, algorithms which measure contrast may be used to determine which image
sensor array provides an in-focus image. The focus of the electro-active lens may not be
changed unless the measure of contrast provided by one image sensor array.is statistically
better than the measure of contrast provided by another image sensor array. If no image
sensor array provides a statistically better measure of contrast the electro-active lens may
be focused at a far distance. Alternately, the electro-active lens may retain its current

focusing power.

[0046] Image contrast, and hence the measure of focus, may be computed in many ways.
Some enabling examples are listed below where the electrical signals (a;, a;) produced by
adjacent pixels of the image sensor arrays may be used to calculate contrast. Other

methods of determining best focus may be employed as well.

[0047]) In a first embodiment of the invention image contrast is determined by a sum of

absolute differences. The sum of all neighboring pair-wise differences is computed by:

FM = Zi,jeﬂzk=—lzl,l=—l:l|ai’j T ik s

‘where Q denotes the entire array. = This statistic may be readily computed in analog

circuitry or in digital circuitry.

[0048] In a second embodiment of the invention image contrast is determined by a
thresholded sum of absolute differences. The above sum of absolute differences may

suffer from artifacts of aliasing of edges and noise. A modification thereof may be to use
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a thresholded version of sum of absolute differences whereby only differences over a

certain threshold value are contained in the sum. Let

fm(x,y)={|x_y| iflx—3| > th

0 otherwise

then, a measure of focus is:

FM = Zi, jeQ Zk:—l:l,l:—l:l flh (ai,f ? ai+k.j+l ) .

The threshold (th) may be determined a priori by categorizing the statistics of the
imaging array and the focusing element. This statistic may be computed in analog

circuitry, but is more readily computed in digital circuitry.

[0049] In a third embodiment of the invention image contrast is determined by a mean
square of derivative. The square of the local derivative can be estimated from either the

nearest neighbors or next-nearest neighbors by the following estimator:

2
M- oo, ~a,, )
F. Zi,jeQZk:-zzJ:_z;zbk,l a:,j ar+k,1+1

where by are radially-decaying coefficients. This statistic may be most ready

computed in digital circuitry.

[0050] The Focus Measure (FM) statistics from each image sensor array may be
calculated by a controller. Although no requirement precludes the use of multiple
statistics for each image sensor, power considerations likely limit how many statistics
may be calculated for each sensor. The statistics computed for each sensor may then be
compared. A statistic may be considered better than another if it is simply larger.
Alternately, a statistic may only be considered better than another if it is larger by a

threshold amount.

[0051] In an embodiment of the invention shown in Figure 5, the range finding system
may be composed of a controller (not shown) connected to three distinct image sensor
arrays 502 which may be located on a single integrated circuit die or chip S01. Focusing
elements 503 may be placed over the arrays at the appropriate distance via a molding or

deposition process. By way of example only, each of the three image sensors could be
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less than 500 um x 500 pm in size and be comprised of an 8 x 8 array of pixel elements

for a total of 192 detector pixels.

[0052] There are several types of image sensor arrays that can be used. The following is
a non-exhaustive list of enabling examples, which is not intended to limit the scope of the

present invention.

[0053] In an embodiment of the invention standard CMOS sensors with a Digital Signal
Processor (DSP) may be used. This may be of the form of a typical CMOS sensor where
each pixel outputs a voltage which is amplified, sampled, and then converted to a digital
signal via an Analog to Digital Converter (ADC). The focus statistics may be calculated
in a DSP after the signals are converted to digital form.

[0054] In an embodiment of the invention analog “silicon retina” like sensors can also be
used. These may consist of CMOS photodiodes which send out a voltage, but which are
tied together via a lateral-resistive layer and appropriate amplifiers. The output of each

array may be proportional to an appropriate focusing statistic.

[0055] In an embodiment of the invention analog differential amplification may be used.
In this case the array may consist of CMOS photodiodes connected in pair-wise
arrangement via differential amplifiers or by a multiplexing bus feeding differential
amplifiers. The integral of the amplifier outputs may correspond to the sum of absolute

differences focus statistics.

[0056] The focusing elements used to form images on the individual image sensors may
include, by way of example only, refractive lenses, diffractive lenses, or lenslet arrays
comprising either refractive or diffractive lens elements. The benefit of using diffractive
optics is that they can be patterned on a thin substrate, which conserves space.
Regardless of the optics employed the lens should be designed for best focus at or near

the wavelength of peak optical response in the human eye, namely 550 nm.

[0057] To further conserve electrical power, a photochromic dye, a material that changes
its optical absorption properties when exposed to light, may be incorporated in or on the
focusing elements to act as a passive opticél intensity filter. If the pixels of the image

sensors receive too much light, they may not be able to generate any meaningful data and
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thus it may be impossible to determine the best focus. Typically, this situation may be
corrected by introducing circuitry to adjust the electronic “gain” (i.e. signal
amplification) of the pixel elements, which may require additional electrical power to
operate. Photochromic dye materials draw no electrical power and their behavior is well
known in the art due to their use in spectacle lenses. Depending upon the material from
which the focusing elements are fabricated, the photochromic dye may be incorporated
directly with the optical material or added as a thin film after the optics'have been
fabricated. In either case, when exposed to high levels of optical radiation, the optical
absorption of the dye will increase, thus reducing the amount of light that reaches the

image sensors.

[0058] In embodiments of the invention, the rangefinders described above may be
combined in order to provide added accuracy and redundancy. The rangefinders may be
used simultaneously or alternately depending on which rangefinder is better suited to a
specific scenario. Both passive and active rangefinders may be combined in this way.
For example, an intensity range finder may be combined with a time-of-flight
rangefinder. As another example, a focus measure rangefinder may be combined with a
time-of-flight range finder. Other combinations may be possible. In certain
combinations, the transmitters and/or the receivers may be used by more than one range
finding system. For example, the same transmitter and receiver may be used for both

time-of-flight and intensity range finding.

[0059] In embodiments of the invention, the electro-active element may be combined
with a progressive addition lens. In other embodiments, the electro-active element may
be combined with a bifocal, trifocal or other multifocal lens. In other embodiments, the
electro-active lens may be combined with a lens with a single optical power. The electro-
active element may either be placed inside the lens or on an outer surface of the lens. A

covering layer may also be applied to the lens assembly.

[0060] In embodiments including a base multifocal lens, the base lens may provide
sufficient optical power to allow a user to see with correct focus at more than one
distance. For example, the base lens may allow a user to focus correctly at both far

distances and intermediate distances. As another example, the base lens may allow a user
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to focus correctly at both far distances and near distances. Other combinations are
possible. In embodiments including a base single focal lens, the base lens may provide
sufficient optical power to allow a user to see with correct focus at one distance. For
example, the base lens may allow a user to focus correctly at a far distance. Other

distances are possible.

[0061] In embodiments in which the electro-active element is combined with a base lens,
the range finding system may be significantly simplified. The electro-active element may
be constructed such that when substantially no electrical power is applied to the element,
the element has substantially no optical power. In other words, when substantially no
electrical power is applied to the element, the element’s refractive element is
approximately the same as the base lens or substrate. Thus, when substantially no
electrical power is applied to the element, the optical power of the lens as a whole is the
same as the optical power of the base lens or substrate. This may significantly simplify
the range finding system since certain distances may no longer need to be detected. For
example, if a base lens provides far distance correction, the range finding system may
only need to detect whether or not a user is looking to a near or intermediate distance. If
the user is looking at a far distance the range finding system may apply no electrical
power to the lens. If the user is looking at a near or intermediate distance, the range
finding system may apply appropriate electrical power to the lens. If intermediate
distance correction is not needed, the range finding system may be further simplified by
only detecting whether or not a user is focused at a near distance. As another example, if
a base lens provides intermediate and far distance correction, the range finding systeni

may only need to detect whether or not a user is focused at a near distance.

[0062] In embodiments of the invention, the rangefinder may include a manual override
switch connected to the controller for allowing a user to override the optical add power
applied to the electro-active element by the rangefinder. The manual override switch
may be used in situations where the rangefinder malfunctions or incorrectly determines a
user’s focusing distance and thus applies an incorrect amount of optical add power to the
electro-active element. In such situations objects may appear out of focus. The manual

override switch may then be used to manually set a different optical add power than was
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computed by the rangefinder. The manual override switch may be a contact switch, a

capacitive switch, a tilt switch, a variable switch, and the like.
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THE CLAIMS

What is claimed is:

1.

A range finding device operably coupled to an electro-active lens, comprising:
a transmitter for transmitting electro-magnetic energy to an object;

a receiver for receiving a reflection of at least a portion of said electro-magnetic

energy from said object; and

a controller operably coupled to said receiver for determining an optical power of

the electro-active lens based on an intensity of said reflection.

The device of Claim 1, wherein said optical power is adjusted as a continuous

function of said intensity.

The device of Claim 1, wherein said optical power is adjusted as a discontinuous
function of said intensity, wherein a discontinuity is defined by a predetermined
threshold.

A range finding device operably coupled to an electro-active lens, comprising:
a transmitter for transmitting electro-magnetic energy to an object;

a receiver for predominantly receiving a diffuse reflection of at least a portion of

said electro-magnetic energy from said object; and

a controller operably coupled to said receiver for determining an optical power of

the electro-active lens based on an intensity of said reflection.

The device of Claim 4, wherein said optical power is adjusted as a continuous

function of said intensity.

The device of Claim 4, wherein said optical power is adjusted as a discontinuous
function of said intensity, wherein a discontinuity is defined by a predetermined
threshold.

A range finding device operably coupled to an electro-active lens, comprising:
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a transmitter for transmitting electro-magnetic energy to an object; -

a receiver for predominantly receiving a diffuse reflection of at least a portion of

said electro-magnetic energy from said object; and

a controller operably coupled to said receiver for determining an optical power of

the electro-active lens based on a time of flight of said reflection.
A range finding device operably coupled to an electro-active lens, comprising:
a transmitter for transmitting electro-magnetic energy to an object;

a receiver for receiving a reflection of at least a portion of said electro-magnetic

energy from said object;

an optical isolator for primarily allowing a diffuse reflection to reach said receiver

and for substantially preventing a specular reflection from reaching said receiver;

“and

a controller operably coupled to said receiver for determining an optical power of

the electro-active lens based on an intensity of said diffuse reflection.

The device of Claim 8, wherein said optical isolator comprises a linear polarizer

and a quarter-wave plate in series.

The device of Claim 8, wherein said optical power is adjusted as a continuous

function of said intensity.

The device of Claim 8, wherein said optical power is adjusted as a discontinuous
function of said intensity, wherein a discontinuity is defined by a predetermined
threshold.

A range finding device operably coupled to an electro-active lens, comprising:
a transmitter for transmitting electro-magnetic energy to an object;

a receiver for receiving a reflection of at least a portion of said electro-magnetic

energy from said object;

22



13.

14.

15.

16.

17.

18.

19.

WO 2008/105780 PCT/US2007/012143

an optical isolator for primarily allowing a diffuse reflection to reach said receiver
and for substantially preventing a specular reflection from reaching said receiver;

and

a controller operably coupled to said receiver for determining an optical power of

the electro-active lens based on a time of flight of said diffuse reflection.

The device of Claim 12, wherein said optical isolator comprises a linear polarizer

and a quarter-wave plate in series.
A range finding device operably coupled to an electro-active lens, comprising:

a focusing element having a fixed focal length for producing a focused image of an

object;

an image sensor array for receiving said focused image and producing an image

signal therefrom;

a controller operably coupled to said image sensor array for determining an optical

power of the electro-active lens based on a focus measure of said image signal.

The range finding device of Claim 14, wherein said focusing element is selected
from the group consisting of: a refractive lens, diffractive lens, a refractive lenslet

array, and a diffractive lenslet array.

The range finding device of Claim 14, wherein said image sensor array is selected
from the group consisting of: a CMOS sensor array, a CCD sensor array, a silicon

retina sensor array, and an analog differential amplification sensor array.

The range finding device of Claim 14, wherein said focusing element comprise a

photochromic dye.

The range finding device of Claim 14, wherein said electro-active lens comprises a

progressive addition lens.

The range finding device of Claim 14, further comprising a manual override switch
for overriding said optical power applied to the electro-active lens by said controller

and applying a user-selected optical power to the electro-active lens.
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20. The range finding device of Claim 19, wherein said manual override switch is
selected from the group consisting of: a contact switch, a capacitive switch, a tilt

switch, and a variable switch.
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