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FIG. 1

(57) Abstract: A scene illumination system is
provided that produces spatially uniform or
controlled brightness levels for machine vision
applications. The system includes a camera,
multiple light sources that preferentially illumi-
nate different regions within the camera's field-
of-view, and a processing unit coupled to the
camera and light sources. Focal regions of the
light sources within the camera's field-of-view
are sampled to determine average regional
brightness and compared to target brightness
levels. The processing unit controls the light
sources to increase or decrease illumination
levels to converge toward the target brightness
levels within the field-of-view. This modula-
tion of the light sources may be repeated with
successive video images until target brightness
levels arc achieved. Once achieved, the itera-
tive feedback control may be locked-in for
some applications, while for others, the itera-
tive process may continue periodically or con-
tinuously to account for different scenes or
changes in lighting conditions.
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SYSTEMS AND METHODS FOR SPATIALLY CONTROLLED SCENE
ILLUMINATION

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH AND
DEVELOPMENT

The U:S. Government may have a paid-up licensc in this invention. and the right in
limited circumstances to require the patent owner to license others on reasonable terms as
provided for by the terms of Grant No. 1 R43-CE 00151-01 awarded by the Department of
Health and Human Services, Public Health Scrvices, Centers for Disease Control (CDC),
Department of Defense (US Army) Contract No. W81XWH-05-C-0045, U.S. Department
of Defense Congressional Rescarch Initiative No. W81 XWH-06-2-0037, and U.S.
Dcpartment of Transportation Congressional Rescarch Initiative Agreement Award No.
DTNH 22-05-H-01424. |

FIELD OF THE INVENTION

* The present invention relates to apparatus and methods for controlling illumination

of objects, and, more particularly, to apparatus and methods for producing spatially
controlled brightness, €.g., substantially uniform or varying brightness, within video camera
images of objects, for example, an eye or face of an individual, by regulating multiple

sources of illumination, e.g., for the purpose of machine vision.

BACKGROUND

This invention relates to illumination schemes for machine vision applications,
particularly when surfaces and objects within the ficld-of-view of a camera vary in
reflectivity. Conventional lighting schemes frequently produce shadows and/or glints (i.e.,
hot-spots) within scenes that contain curved surfaces or objects that rise above a single two-
dimensional plane. These problems are cxaccrbatea when lighting must be confined to a
limited number of sources and/or when light sources must be located close to a scene that is
being illuminated.

Applications that involve machine vision are becoming.increasingly common-place.
In part, this has arisen as a result of technological advances in the electronics and software

development industries, and decreases in the cost of cameras and information processing
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units. A small number of examples from the range of machine vision applications include:
objcct identification, distance mecasurcments, food inspection, quality control in asscmbly
lines, reading bar codes, object counting, safety monitoring, and biometrics. Sectors and
industries that utilize machine vision include military, medical, security, semiconductor
fabrication, manufacturing, robotics, and toys.

Almost all image processing techniques and algorithms arc affected if regions within
imagces have inadequatce illumination. If illumination levels are too low, the result is an
insufficient change in brightness intensitics to differentiate boundarics of objects or regional
changes in reflectance. Reduced signal or light intensities can also lead to a dominance of
detector noisc within images. Low signal-to-noisc ratios generally lead to images that
appear “grainy” and difficult to process.

Conversely, if illumination levels are too high, pixcls within the camera or detector
become saturated. Once again, fully saturated pixels provide no information about changes
in brightness levels for image processing algorithms to differentiate edges or boundaries. In
somc types of vidco cameras, saturated pixels can also “blecd over” to clevate the apparent
brightness of ncarby pixcls.

In most cascs, the information content is lost in regions of images with too few or
too many photons. No amount of image processing can retrieve the missing information. In
these cases, illumination in all spatial regions of video images must be improved to generate
reliable machine vision applications.

For example, precise measurements of object size involve the detection of the object
cdges where edges are identificd as regions where there are sharp gradients in color or
luminance. If the camera’s view of the edge of an object is distorted by shadows, then the
rcliability and accuracy of edge-detection algorithms are degraded.

Machine vision applications that include object identification are particularly
sensitive to lighting conditions. Dark corners, color changes due to illumination, luminance
changes that result from different angles of surface illumination, shadows, and hot-spots can
render an object unrecognizable due to lighting conditions.

The controlled illumination of objects is particularly difficult when illumination
sources are confined to be close to the objects being illuminated. This confinement can be
due, for example, to a desire to make an apparatus compact and/or to reduce power

consumption by confining illumination only to the field-of-view of a camera. Such is the
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case when illuminating the eye using an apparatus mounted to eycwear or a head-mounted
device. Examples of these typces of systems or apparatus may be found in U.S. Patent
7.515,054 B2 to William C. Torch, which discloses biosensor, communication, and

controller applications facilitated by monitoring eye movements.

SUMMARY

The present invention is directed to apparatus and methods for controlling
illumination of objccts. More particularly, the present invention is dirccted to apparatus and
mcthods for producing spatially controlled brightness, e.g., substantially uniform brightness,
within vidco camera imagcs of objects, for example, an cyce or face of an individual, by
regulating multiple sources of illumination, e.g., for the purpose of machine vision.

In light of the foregoing background, the apparatus, systems, and methods herein
may provide an improved illumination method and system for machine vision applications.
The method generally includes two or more clectromagnetic radiation sources that
illuminate different regions of a scenc at angles that are distinct from the viewing angle of a
camera. Thesc illumination sources may cach include onc or more illuminating deviccs,
such as incandescent bulbs, arc lamps, or light-emitting-diodes (LEDs). The camera may be
a component of a frame grabber and processing system that produces feedback signals to
individually control illumination sources based on captured images. Target brightness
levels may be constant or may vary as a function of space (for example, to produce a
gradient in brightness across a scene) and/or time (for example, when a scene is alternately
illuminated by sources with different wavelengths). Controlled and/or uniform illumination
may allow machine vision applications that involve location measurements and object
identification to be pérformed more simply, quickly and reliably.

In accordance with one embodiment, systems and methods are provided that
produce camera images with substantially spatially uniform and/or controlled scene
brightness, particularly when there are spatial variations in reflectance within a scene.

In accordance with another embodiment, systems and methods are provided that
producc imagces with controlled or substantially uniform brightncss from surfaces that arc

curved and/or not coplanar with the image plane of a camera.
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For example, the systems and methods may uée onc or more illumination sources
that arc positioncd well away for the linc-of-sight of the camcra. Illumination from acute
angles may help reveal fine structures such as surface cracks or indentations.

In accordance with yet another embodiment, systems and methods are provided that
may reduce the effects of shadows generated by three-dimensional structures that rise above
a surface. For example, the cffects of shadows may be reduced by using multiple sources of
clectromagnctic radiation that illuminate a scene from contrasting angles.

In accordance with still another cmbodiment, systems and mcthods are provided that
may reduce or avoid the effect of so-called “glints” or bright spots that arise as a result of
point sourccs of illumination. The effects of glints may be avoided by stecring light into a
scenc using sources at angles well away from the viewpoint of the camera.

In accordance with another cmbodiment, a systcm is provided for monitoring an eye
of a person that includes a device configured to be worn on a person’s head; a camera
mounted on the device and positioned for viewing a first eyé of the person wearing the
device; and a plurality of light sources on the device that preferentially illuminate respective
focal regions of the person’s facc around the first cye and within the camera’s ficld-of-view.
In an alternative embodiment, the camera and/or light sources may be mounted remotely
from the person, ¢.g., to a dashboard or other interior structure of a vehicle.

A controller may be coupled to the camera and the light sources, the controller
configurcd for sampling brightness in the respective focal regions of the light sources using
the camera and modulating the light sources based on the sampled brightness to provide
desired brightness levels within the respective focal regions. For example, the controller
may be configured for sampling brightness from multiple pixels of the camera that
correspond to a first focal region within the camera’s field-of-view that is illuminated by a
first light source, the controller combining the sampled brightness to determine an average
brightness provided by the first light source, the controller modulating the first light source
to providc a desired brightness level within the first focal region. Similarly, the controller
may be configured for sampling brightness from a second or additional focal regions that
arc illuminated by a sccond or additional respective light sources, and modulating the light
sources to provide desired brightness levels within the corresponding focal regions.

In one embodiment, the controller may be configured for amplitude modulation of at

least one of the current and the voltage to the light source to provide the desired brightness
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levels in the respective focal regions. [n addition or alternatively, the controller may be
configurcd for pulsc-width modulation of at Icast on¢ of th¢ current and the voltage to the
light sources to provide the desired brightness levels.

Optionally, a processing unit may be coupled to the camera for receiving images of
the first eye, e.g., to monitor and/or analyze the images of the first eye. The processing unit
may include the controller or may be onc or more scparate processors.

In accordance with still another embodiment, a feedback controlled system is
provided for producing spatially controlled illumination that includes a camera that

mcasures scene brightness in two or more spatial regions of a ficld-of-view; light sources

. that preferentially illuminate corresponding regions within the camera’s ficld-of-view; and a

processor that computes average brightness within each region of the camera’s ficld-of-view
and modulates corresponding light sources to one or more target brightness levels to provide
desired brightness levels within the field-of-view.

In one example, the system may include an electronic display, and the camera and/or
light sources may be mounted relative to the display such that the camera and light sources
arc oricnted towards a facc of a person vicwing the clectronic display. In another example,
the camera and/or light sources may be mounted to a dashboard or other structure of a
vehicle such that the camera and/or light sources arc oriented towards the face of an
operator of the vehicle.

In yet another example, the camera and/or light sources may be mounted to a
structure adjacent an assembly line or conveyor belt for obtaining images of objects being
directed along the assembly line or conveyor belt. In still another cxample, the camera
and/or light sources may be mounted to a structure adjacent a plurality of storage areas for
obtaining images of objects located in the storage areas. For example, the light sources are
mounted adjacent the assembly line, conveyor belt, or storage areas to preferentially
illuminate respective focal regions within the camera’s field-of-view, e.g., to facilitate
identification of objects based on images acquired by the camera.

In any of these examples, the light sources may be operated substantially
continuously or intcrmittently. For cxamplc, the light sources may be deactivated when the
camera is inoperative. For example, if the camera is used to acquire images of the field-of-
view separately from sampling the brightness within the regions preferentially illuminated

by the respective light sources, the light sources may be activated only during the periods
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when the camera is activated to acquire images and/or to sample brightness, although the
light sourccs may be activated intcrmittently during these periods, ¢.g., if pulsc width
modulation is used to control brightness of the light sources.

In accordance with yet another embodiment, a method is provided for controlling
illumination of a first eye of a person. A camera may be positioned towards a person’s face
such that a first cyc of the person lics within a ﬁc_ld-of-vicw of the camera, and at Icast a
portion of the person’s face may be illuminated with a plurality of light sources that
preferentially illuminate respective focal regions of the person’s face around the first eye
and within the camera’s ficld-of-view. Brightness may be sampled in the respective focal
regions of the light sources using the camera, and the light sources modulated bascd at least
in part on the sampled brightness to provide desired brightness levels within the respective
focal regions.

In accordance with still another embodiment, a scene illumination system is.provided that
may produce spatially uniform or controlled brightness levels for machine vision
applications. For cxample, target brightness levels may be substantially the same
throughout the camcra’s ficld-of-view, c.g., to generate substantially uniform brightness, or
may vary as a function of location, ¢.g., to generate controlled brightness levels within a
scene. In addition or alternatively, target brightness levels may also be made to vary with
time.

In an exemplary embodiment, the system includes a camera, multiple light sources
that preferentially illuminate different regions within the camera’s field-of-view, and a
processing unit coupled to the camera and light sources. Focal regions of the light sources
within the camera’s field-of-view may be sampled to determine average regional brightness
and compared to target brightness levels. The processing unit may control the light sources
to increase or decrease illumination levels to converge toward the target brightness levels
within the ficld-of-view. This modulation of the light sources may be repeated with each
successive video image or with periodic images until target brightness levels are achieved.
Once target brightness levels are achieved, the iterative feedback control may be locked-in
for somc machinc vision applications. For other applications, the itcrative proccss may
continue periodically or continuously to account for different scenes or changes in lighting

conditions.
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In accordance with still another embodiment, a method is provided for controlling
illumination of a scenc that includes dirccting a camera towards a scenc such that onc or
more objects in the scene are within a field-of-view of the camera; iluminating the scene
with a plurality of light sources that preferentially illuminate respective focal regions within
the camera’s ficld-of-view; sampling brightness in the respective focal regions of the light
sources using the camera; and modulating the light sources bascd at lcast in part on the
samplcd brightness to provide desired brightness levels within the respective focal regions.

For example, the scenc may include at Icast a portion of a person’s face, and the onc
or more objects may include at least one cyc of the person. The camera and/or light sources
may be mounted on a device on the person’s head or at a location remotely from the
person’s head.

In another example, the scene may include an electronic display, and the camera
and/or light sources may be positioned relative to the display such that the camera and light
sources arc oriented towards a face of a person vicwing the clectronic display. In this
cxample, the light sources may be modulated to provide desired brightness levels to
respective focal regions of the person’s face within the camera’s ficld-of-view.

In still another cxample, the camera and/or light sources may be mounted to a
dashboard of a vehicle such that the camera is oriented towards the face of an operator of
the vehicle. In this example, the scene may include at least a portion of the operator’s face,
and the light sources may be oriented towards the. operator’s face for preferentially '
illuminating respective focal regions of the operator’s face within the camera’s ficld-of-
view,

In yet another example, the camera and/or light sources may be directed towards an
assembly linc or conveyor belt for obtaining images of objects being directed along the
asscmbly linc or conveyor belt. In still another example, the camera and/or light sources
may be directed towards a plurality of storage areas for obtaining images of objects located
in the storage arcas. The light sources may be directed towards the assembly line, conveyor
belt, or storage areas to preferentially illuminate respective focal regions within the
camcra’s ficld-of-vicw; c.g., to providc a substantially uniform brightness level within the
field-of-view or variable brightness levels within the field-of-view. For example, the light
sources may be modulated to provide greater brightness levels for focal regions that are

further from the camera than other focal regions.

PCT/US2011/026736
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" Other aspects and features of the present invention will become apparent from
considcration of the following description taken in conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustratc exemplary embodiments of the invention, in which:

FIG. 1 is a perspective view of spatially uniform illumination of an eye and
surrounding facial region using threc light-cmitting diodes under the control of a processing
unit that acquircs images from a camera.

FIG. 2 is an cxample of illumination patterns of an eye and surrounding facial region
generated by three separate light sources.

FIG. 3 is an examplc of a camcra image of an eye and surrounding facial region in

which three clusters of pixels are sampled to determine average illumination intensities in

‘three regions within a camera’s field-of-view.

FIG. 4 isan cxarﬁple of controllcd illumination ‘of grocery or warchousc shelves
where a spatial gradicnt is desired in the illumination pattern. Illumination is separated-into
four (4) horizontal regions with progressively increasing brightness toward the right side of
the image.

FIG. 5 is an example of the time sequence of feedback and signals used to control
illumination using both amplitude modulation and pulse-width modulation techniques.

FIG. 6 is a flow chart showivng an exemplary algorithm that may be used to control
illumination levels of multiple light sources to gencrate spatially uniform brightness.

FIG. 7 is a perspective view of yet another embodiment of an apparatus for

monitoring a person based upon movement of the person’s eye.

DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS
Tuming to the drawings, FIG. |1 shows an exemplary embodiment of a system 10
that may provide feedback-controlled illumination of an eye and/or nearby facial regions of
a person. Generally, the system 10 includes a plurality of light sources 12 (three shown),
onc or more camcras 14 (one shown), and a processing unit 16 coupled to the light sources

12 and/or camera(s) 14.
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The components of the system 10 may be included on a single device or two or more
scparatc devices. For cxample, as shown in FIG. 7, the camera 14 ‘and light sources 12 may
be provided on a frame 18 or other device configured to be worn on a person’s head. In the
embodiment shown, the frame 18 includes a bridge piece 18a, a rim 18b extending above or
around each eyc and defining an opening 18c, and/or a pair of ear supports 18d, ¢.g., similar
1o a pair of cycglasscs. Optionally, lenses may or not be provided in the openings 18¢, ¢.g.,
prescription, shaded, polarized, and/or protective lenses, and the like, as desired, although
such lenses are not necessary for operation of the system 10. Alternatively, components of
the system 10 may be provided on other devices configured to be worn on a person’s head,
such as a helmet, a mask, a pair of goggles, a pull-down mask, and the like (not shown),
such as those devices disclosed in U.S. Patent Nos. 6,163,281, 6,542,081, or 7,488,294,

In further alternatives depending upon the application, the components may be
provided on separate devices, e.g., stationary or moving structures, for monitoring a person,
objects, and/or other scene, as described further clsewhere herein. For example, the camera
14 and/or light sources 12 may be provided remotely from a person yet allow the person to
be monitored. In one exemplary cmbodiment, the camera 14 and/or light sources 12 may be
mounted to a dashboard or elsewhere within the a cockpit or other interior region of a
vehicle and oriented towards a driver, pilot, or other operator of the vehicle, a passenger, or
other person within the vehicle. The positions of the camera 14 and/or light sources 12 may
be substantially fixed or adjustable wiihin the vehicle, e.g., such that the camera 14 and/or
light sources 12 may be oriented towards the face, e.g., one or both eyes of the operator or
other person. In another exemplary embodiment, the camera 14 and/or light sources 12 may
be mounted on or adjacent a display of a computer or other clectronic device, for example,
for monitoring one or both cyes of a uscr of the clectronic device, ¢.g., to allow the user to
control or operate the electronic device based at least in part on movement of one or both
eyes.

Optionally, returning to FIGS. | and 7, the processing unit 16 may also be carried by
the frame 18 or may be separate and/or remote from the frame 18 (and/or other components
of the system 10 if provided on other structurcs than the framc 18), as described clscwhere
herein. For example, as shown in FIG. 7, the processing unit 16 may be provided in a
casing separate from the frame 18, and may include one or more cables 17 (one shown for

simplicity) extending from the frame 18. The cable(s) 17 may include individual cables or

PCT/US2011/026736
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scts of wires coupled to the light sources 12, cameras 14, and/or other components on the
frame 18 and to the processing unit 16. For cxample, individual cablcs or scts of wircs may
be embedded in the frame 18, e.g., along the rim 18b, from respective light sources 12,
cameras 14, 15, and the like, until captured within the cable 15, e.g., to reduce the overall
profile of the frame 18, as desired.

With additional reference to FIG. 1, a camera 14 is mounted and/or positioned on
the frame 18 such that the camera 14 includes a ficld-of-view that is directed towards a first
cyc 20 of a person wearing the frame 18 and/or otherwisc being monitored with the system
10,-as shown. For example, as shown in FIG. 7, the camera 14 may be offsct from a
respective opening 18¢ in the frame 18, c.g., to place the camera 14 away from the gencral
viewing ficld of a person wearing the frame 18, ¢.g., as described in co-pending application
Scrial No. 12/551,547, filed January 13, 2010.

In an exemplary embodiment, the camera 14 may include a CCD or CMOS or other
detector including an active area, c.g., including a rectangular or other array of pixels, for
capturing images with the camcra 14 and gencrating video signals representing the images.
The active arca of the camera 14 may have any desired shape, ¢.g., a square or rectangular
shape, a circular or elliptical shape, and the like. The active area of the camera 14 may be
substantially flat or may be curved, e.g., to lic within a curved plane that may be oriented
towards the eye 22. Exemplary CMOS devices that may be used include Omnivision,
Model No. OV7740, or Mocron Model No. MT9V032. In addition, the camera 14 may
include one or more filters, lenses, and the like (ndt shown), if desired, e.g., to focus images
on the active arca, filter undcesired intensitics and/or wavelengths of light, and the like.

Optionally, a second camera may be prbvidcd that includes a field-of-view directed
towards a second cye (not shown) of a person being monitored by the system 10. For
example, as shown in FIG. 7, a pair of cameras 14 may be mounted on the frame 18, ¢.g., on
a lower region of the rim 18b below each eye to minimize interference with the person’s
vision, thereby allowing both eyes of the person to be monitored. In addition or
alternatively, multiple cameras may be provided that are directed towards an individual eye
of the person (or multiple cameras that arc directed towards cach cyc, not shown), ¢.g.,
providing separate or overlapping ficlds-of-view. In another option, as shown in phantom

in FIG. 7, one or more cameras 15 may be provided on the frame 18 that may be oriented
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away from the person wearing the frame 18, e.g., to acquire images of the person’s
surroundings, as discloscd in the patents identificd clscwhere hercin.

The light sources 12 may be mounted on the frame 18 at several locations, e.g.,
around the opening 18c¢ adjacent the camera 14. For example, as shown, three light sources
12a, 12b, 12¢ are shown, e.g., first and second light sources 12a, 12b on an upper region of
the rim 18b and a third light source 12¢ on a lower region of the rim 18b. It will be
appreciated that only two or more than three light sources (not shown) may be provided, if
desired, and may be controlled using the systems and methods described hercin. If the
system 10 includes a sccond camera 14, as shown in FIG. 7, an additional sct of light
sources 12 may be provided on the frame 18 for illuminating a sccond cye and/or facial
region (not shown) of a person wearing the frame 18. In addition, if the system 10 includes
multiple cameras directed towards an individual cyc (not shown), the camcras may share a
plurality of hight sources or, alternatively, multiple sets of light sources may be provided for
illuminating the respective fields-of-views of the cameras (also not shown).

In an exemplary embodiment, cach light source 12 may include a light emitting
diode configured for emitting a rclatively narrow or wide bandwidth of the light, ¢.g.,
infrared light at one or more wavelengths between about 640-700 nanometers, broadband
visible light, e.g., white light, and the like. Optionally, the light sources 12 may include
lenscs, filters, diffusers, or other features (not shown), e.g., for facilitating lighting
respective focal regions of the person’s eye and/or face. The light sources 12 may be
spaced apart from one another, ¢.g., in one or more arrays located around respective
openings |&c in the frame 18 to provide desired brightncss levels, ¢.g., substantially uniform
or variable level brightness of the person’s eye and/or face and thereby of images of the
person’s eye and/or face capturcd using the camera 14,

The processing unit 16 may include one or more controllers or processors, ¢.g., one
or more hardware components and/or software modules for operating various components
of the system 10. For example, the processing unit 16 may include a separate or integral
controller (not shown) for controlling the light sources 12 and/or camera 14, for receiving
and/or proccssing signals from the camcera 14, and the likc. Optionally, onc or morc of the
components of the processing unit 16 may be carried on the frame 18, ¢.g., on the ear
supports 18d or rim 18b, similar to the embodiments described in the references identified

elsewhere herein.
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The processing unit 16 may also include memory for storing image signals from the
camcra(s)14, 15, filters for cditing and/or processing the image signals, and the like. In
addition, the processing unit 16 may include one or more power sources (not shown), e.g.,
for operating the components of the system 10, Optionally, the frame 18 and/or processing

unit 16 may include one or more transmitters and/or reccivers (not shown) for transmitting

- data, receiving instructions, and the like. In addition or alternatively, the system 10 may

include components that are remote from the frame 18 and/or processing unit 16, similar to
cmbodiments disclosed in the references identified elsewhere herein. For example, the
system 10 may include one or more receivers, processors, and/or displays (not shown) at a
remotc location from the processing unit 16 and/or frame 18, ¢.g., in the same room, at a
ncarby monitoring station, or at a morc distant location.

Returning to FIG. [, an cyce 20 and surrounding facial region 22 are shown of a
person being imaged using the system 10, e.g., for the purpose of automated pupil-tracking,
in which substantially spatially uniform illumination may be useful. The facial region 22
including the cyc 20 may be visualized by the camera 14 where images are communicated
to the processing unit 16. The pupil 26 is located in the center of the iris 27. The iris 27, in
turn, is located within the sclera 28 or white region of the eye. During normal vision, the
location of the pupil 26 varies as a result of both voluntary and involuntary muscular
control. During movements of the pupil 26, the size and shape of the pupil 26, iris 27, and
arcas associated with the sclera 28 change within the ficld-of-view of the camera. In part,
changes in size and shape may be due to the curvature of the eye 20.

When illuminated by one or more light sourccs, a number of factors can influence
the intensity of light detected from different regions within the field-of-view of a camera: a)
the distances between light sources and the ficld-of-view region, b) the intensity of cach
light source, c) the divergence angle of each light source, d) the reflectivity (at illumination
wavelength(s)) of the illuminated surface, ¢) the curvature of the surface, and f) the
efficiency of the camera in converting light into useful signals as well as the collection
efficiency and spatial uniformity of the optics associated with the camera. In addition,
thrce-dimensional structurcs can gencrate shadows if illuminated from a single or small
number of light sources. In the case of the region 22 around the eye 20, shadows can be

generated by structures that include eyelids, eye lashes, and skin folds.
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As described further elsewhere herein, the brightness levels of different regions.
within the ficld-of-vicw of a‘camera, such as camera 14 in FIG. 1, may be used, in a
feedback mode, to control the intensity of different illumination sources. The use of
multiple light sources illuminating a scene from different angles may help to reduce the
detrimental effects of shadows. Glints may also be reduced or avoided by using multiple
illumination sourccs and/or by placing them at strategic locations, ¢.g., well away from the
viewing angle of the camera. In the cxample shown in FIG. 1, infrared light emitting diodes
{“LEDs") arc uscd as illumination sources. As shown, LED l?a preferentially illuminates
the upper-left region of the ficld-of-view of the camera 14, LED 12b preferentially
illuminates the upper-right region of the ficld-of-view of the camera 14, and LED 12¢
preferentially illuminates the lower region of the field-of-view of the camera 14.

FIG. 2 shows respective. focal regions of illumination by different light sources. In
this example, three light sources illuminate a pupil 26 and the facial region 22 around an eye
20. 1t is understood that light sourcés generally do not produce sharp boundaries as
depicted in FIG. 2. Rather, the dashes lines represent “focal regions,” i.e., regions where
specific light sources have a preferential or increased influence on illumination of a region
compared to surrounding arcas within the camera’s field-of-view. With reference to FIG. 1,
LED I2a preferentially illuminates area 121 of FIG. 2 located in the upper-left region of the
camera’s field-of-view. Similarly, LED 12b in FIG. | illuminates area 122 of FIG. 2
located in the upper-right region of the camera’s field-of-view. LED 12¢ in FIG. |

illuminates area 123 of FIG, 2 located in the lower region of the camera’s field-of-view.

‘The sizc of the illuminated arcas or focal regions may.be dependent on the divergence angle

of the light source and/or the distance between the light source and the illuminated surface.
The general shape of the illuminated area may be dependent on the light profile of the light
source as well as the angle between the location of the light source and a vector normal to
the illuminated surface. The average brightness of each focal region may be controlled by
adjusting the intensity of the associated light souréc(s).

FIG. 3 is an example of pixel clusters that may be sampled to determine the average
brightness of rcgions in the vicinity of a pupil 26. In this cxamplc, the average measurcd
intensity of an eight by eight (8x8) element cluster of pixels 101 is used to assess the
brightness of the upper-left region within a camera’s field-of-view. Another eight by eight

(8x8) element cluster of pixels 102 is used to compute the brightness of the upper-right
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region within a camera’s field-of-view. A third eight by thirty two (8x32) element cluster
of pixcls 103 is uscd to asscss the brightness of the lower region within the camera’s ficld-
of-view.

It will be appreciated, however, that brightness may be assessed from any number of
regions with a field-of-view. The assessment of brightness may be determined from any
number of pixcls in clusters of any size, spacing or shape within cach focal region. For
cxample, the same pixels may be sampled during each sampling within cach focal region, or
different pixcls, e.g., randomly selected within cach focal region, may be sampled, if
desired. Brightness may be sampled Qsing actual video signals during monitoring the cye
20 or may be sampled outside the data stream using for monitoring the cye 20. For
example, periodic frames from a series of video signals' may be sampled in addition to being
recorded, processed, or otherwisc monitored, to estimate and/or modulate brightness levels
using any of the systems and methods described herein.

For example, with additional reference to FIGS. 1-3, the processing unit 16 may
sample predetermined pixels 101, 102, 103 (shown in FIG. 3) in focal regions 121, 122,123
(shown in FIG. 2) periodically to cstimatc the average brightness level in cach of the focal
regions 121, 122, 123, The processing unit 16 may then modulate the light sources 12a,
12b, 12¢ (shown in FIG. 1) to provide desired brightness levels within the respective focal
regions 121, 122, 123. For example, it may be desirable to have substantially uniform
brightness when illuminating and imaging the eye 20 with the camera 14. The processing
unit 16 may sample the sets of pixels 101, 102, 103, determine the average brightness in
cach of the focal regions 121, 122, 123, and increase or decrease the intensity of the light
sources 12a, 12b, 12c, e.g., to maintain the average brightness substantially uniform and/or
othcrwise within desired ranges.

Alternatively, if multiple cameras are provided for monitoring an individual eye (not
shown), onc or more of the cameras may be used to sample brightness within the field-of-
view of the camera(s). For example, in one embodiment, a first camera may be used
exclusively for brightness sampling, e.g., as described above, while a second camera may be
uscd to obtain images of the cyc for other purposcs, ¢.g., monitoring the person’s awarencss,
physical and/or mental state, controlling one or more devices, and the like, as described
elsewhere herein and in the references identified herecin. In another embodiment, multiple

cameras may be used to sample brightness within focal regions of respective light sources
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and the sampled brightmess from the multiple cameras may be-averaged or otherwise
compared to provide feedback controlto the light sources.

In other applications, it may be desirable to have spatially variable illumination of a
scenc. FIG. 4 shows such an example of controlling illumination in a situation where a
(non-uniform) spatial gradient in brightness 242 may be desired. In this example, a camera
241 may be used to image objects on a scries of shelves or conveyor system 240, ¢.g., such
as thosec commonly found in grocery stores, warchouses, and manufacturing facilities. The
camcra 241 and light sources 231-234 may be mounted independently relative to one
another, ¢.g., away from the shelves or conveyor system 240 and may be substantially
stationary or moving,.

In such a situation, some objects and lettering on objects may appear to be smaller
than others within images acquired using the camera 241, This may be due to an actual
reduced size of objects or because objects are further from the camera. Frequently, the
performance of image processing algorithms may be improved by increasing the brightriess
(without generating saturation) of objccts that appear smaller within the camera’s field-of-
view. Spatially controlled illumination may also be used to help image processing
algorithms compensate for spatial variation in the resolution of lenses and other optical
components by increasing the ratio of signal-to-noise. Most lenses, particularly small
lenses, have a decreased spatial resolution and/or light-gathering capability nearer the outer
edges of the lens compared to the central region of the lens.

In the example shown in FIG. 4, a horizontal gradient of brightness may be
generated by dividing the ficld-of-view into 4 vertical regions. The left-most region 221,
illuminated by LED 231, may require the least brightness for reliable image processing.
The next left-most region 222, illuminated by LED 232, may require the next least level of
brightness for reliable image processing. Region 223, illuminated by LED 233, may require
more brightness due to the presence of smaller objects. Finally region 224, illuminated by
LED 234, may require the most illumination because of the presence of small objects, the
objects being furthest from the camera, and/or a decrcased optical resolution near the edge
of thc imagcs acquircd using the camcera 241.

A processing unit (not shown), similar to those described elsewhere herein, may be
coupled to the camera 241 to sample brightness levels within the vertical regions 221-224,

and/or may be coupled to the light sources 231-234 to modulate the intensity of the light
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sources 231-234 in response to the sampled brightness levels. For example, as explained
above, the processing unit may modulate the light sourccs 231-234 to provide incrcascd
brightness levels in each of the regions 221-224 to facilitate monitoring images from the
camera 241.

F1G. 5 is an example of a time sequence of signals used to monitor and control
ilumination in diffcrent regions of a camera’s ficld-of-view. Tracc 141 may represent
measured avcrage brightness of an individual pixel cluster, while dashed linc 140 may
represent a target light intensity for a focal region of a light source. Dots 142 may represent
times at which ncw camera images are collected for sampling brightness. If the measured
average light intensity falls below the target intensity, different schemes may be used to
increase the intensity of the light source associated with the corresponding region.
Converscly, if the measured average light intensity riscs above the target intensity, the same
scheme(s) may be used to decrease the brightness of the light source associated with the
corresponding region.

In an exemplary cmbodirﬁcnt, trace 143 illustrates a scheme in which the amplitude
of cither the voltage or the current driving a light source may be uscd to control light
intensity. This is gencrally referred to as “amplitude modulation.” In another embodiment,
trace 144 illustrates a scheme is which the duration or “dwell time” of a controlling voltage
or current may be modified to control light intensity. This is generally referred to as “pulse-
width modulation.” Optionally, it may also be possible to use both schemes simultancously.

If desired, illumination may be turned off at times when not needed such as when
the camera is not converting light into uscful signals or when the overall device is not in
use, for example, to conserve energy and/or to reduce overall illumination intensities, ¢.g.,
for safety rcasons. For cxample, the light sources 231-234 in FIG. 4 (or in any other
embodiment described herein) may be operated intermittently, e.g., deactivated when the
camera 241 is inoperative. In one exemplary cmbodiment, the camera 241 may be operated
periodically to acquire images of its field-of-view as well as sample brightness, e.g., from
the acquired images. In this example, the light sources 231-234 may be activated only
during the periods when the camera 241 is acquiring images with the brightness of the light
sources controlled as described clsewhere herein, ¢.g., using amplitude modulation and/or
pulse-width modulation during the periods of activation. In another exemplary

embodiment, the camera 241 may be operated periodically to acquire images of the field-of-
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view and scparately to sample brightness. In this example, the light sources 231-234 may
be activated intermittently only during the periods when the camcera 241 is activated to
acquire images and/or to sample brightness, e.g., using amplitude modulation and/or pulse-
width modulation during the periods of activation. |

FIG. 6 is a flowchart of an exemplary algorithm that may be used to generate
feedback control, ¢.g., 1o produce controlled or uniform illumination, such as using the
system 10 of FIGS. 1 and 7 or the system of FIG. 4. The average brightness of cach region
(indexed as “n”") may be measured successively within video images. For example, at step
310, a new image may be collected from a camera illuminated by a plurality of light
sources. ‘

At step 320, the average brightness of a first focal region corresponding to a first
light source may be sampled by sampling a plurality of pixels from the new image within
the first region. For example, the actual brightness levels of the plurality of pixels within
the first region may be obtained and avcraged to determine an average brightness for the
first region. At step 330, the average brightness may be compared with a target intensity for
the first region. If the average brightness is greater than the target intensity (branch 330a),
at step 332, the output to the first light source is decrcased. If the average brightness is less
than the target intensity (branch 330b), at step 334, the output to the first light source is
increased. Thus, at step 336, the first light source is modulated to the desired intensity. At
step 338, the number “n” is increased and, at step 340, it is confirmed that another focal
region exists that has not yet been sampled. 1f “n” is less than or equal to the total number
of focal regions and light sourcces, the process is repeated, i.c., steps 320-336 for the sccond
focal region and light source, etc. If all of the focal regions have been sampled from the
new image and the light sources modulated, the process is repeated with a new image
(starting again at step 310). Thus, with each sampling, the output to the entire array of light
sources included in the system may be modulated to desired levels. The process may then
be repeated upon collection of the next video image or only periodically, ¢.g., after every
other or every tenth image acquired using the camera providing the sampled brightness.

Target brightness Icvels may be the same for all regions throughout a camera’s ficld-
of-view to generate a scene with substantially uniform brightness, e.g., in the system 10 of
FIGS. 1 and 7. Alternatively, target brightness levels may also be selected to vary in

different spatial regions within a camera’s ficld-of-view, such as the system depicted in
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FIG. 4, to partially compensate for the effects of reduced object size within images.
Optionally, target brightness within onc or morc regions may also be clevated to produce
spatial gradient patterns, ¢.g., to enhance analysis, for example, in order to reveal detailed
cracks in a surface or subtle changes in color.

5 Target brightmess levels may also be selected to vary as a function of time. If sets of
illumination sourccs arc uscd that emit at different wavelengths, scparate target brightness
levels may be desired as each wavelength is selected to reveal different structures within
camcra imagcs.

In some applications, brightness may be dominated by the clectromagnetic sources
10 that arc a part of the applicd illumination system. In other applications, light from the
feedback-controlled illumination system may be superimposed on ambient light sources
such as the sun or room lighting. In the latter case, it may be necessary to re-converge to
desired brightness levels whenever ambient lighting levels change.
Another example of an application where feedback-controlled dynamic lighting may
}5 be utilized includes sccurity checkpoints where vehicles or individuals are identified as they
approach a camera’s ficld-of-view. In this casc, cither visiblc or infrared illumination
sources may be dynamically modulated to avoid shadows and/or illuminate objects for
uniform scene brightness while avoiding hot-spots within images.
Another example of an application where feedback-controlled dynamic lighting may
20 be utilized is in sorting processes within assembly lines or conveyor belt systems such as
those used to sort produce or other foodstuffs, such as apples or fish (not shown). As
objccts of different reflective propertics, sizes, shapes, and/or oricntations enter a camera’s
field-of-view, lighting may be adjusted dynamically to better measure the dimensions
and/or identify objects. In this example, the camera (or multiple cameras, as described
25 elsewhere herein) and plurality of light sources may be mounted to stationary supports
adjacent an assembly line or conveyor belt and directed towards objccts on carried on the
assembly line or conveyor belt (not shown). Alternatively, multiple stationary cameras may
be provided and multiple sets of light sources may be provided, c.g.. that are stationary
rclative to respective cameras or that arc mounted to an asscmbly line or conveyor belt such
30 that light sources move with objects on the assembly line or conveyor belt.
Another example of an application where feedback-controlled dynamic lighting may

be utilized includes alignment systems such as those used to precisely align wheels and
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drive shafts. Another example of an application where feedback-controlled dynamic
lighting may bc utilized is in the ficld 6f face recognition.

The foregoing disclosure of the exemplary embodiments has been presented for
purposes of illustration and description. It is not intended to be exhaustive or to limit the
invention to the precise forms disclosed. Many variations and modifications of the

embodiments described herein will be apparent to onc of ordinary skill in the art in light of

the above disclosure.

Further, in describing representative cmbodiments, the specification may have
presented methods and/or processes as a particular sequence of steps. However, to the
cxtent that the methods or processes do not rely on the particular order of steps set forth

herein, the methods or processes should not be limited to the particular sequence of steps

described. As.onc of ordinary skill in the art would appreciate, other sequences.of steps

may be possible. Therefore; the particular order of the steps set forth in the specification
should not be construed as limitations on the claims.

While the invention s susceptiblcto various modifications, and alteriative'forms;
specific examples thercof have been shown in the drawings and arc herein described in
detail. It should be understood, however, that the invention is not to be limited to the
particular forms or methods disclosed, but to the contrary, the invention is to cover all

medifications, equivalents and alternatives falling within the scope of the appended claims.
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We claim:

1. A system for monitoring an cyc of a person, comprising:

a device configured to be worn on a person’s head;

a camera mounted on the device and positioned for viewing a first eye of the person
wearing the device;

a pluraliiy of light sources on the device that preferentially illuminate respective
focal regions of the person’s face around the first eye and within the camera’s ficld-of-view;
and

a controller coupled to the camera and the light sources, the controller configured for
sampling brightness in the respective focal regions of the light sources using the camera and
modulating the light sources based at least in part on the sampled brightess to provide

desired brightness levels within the respective focal regions.

2. The system of claim 1, wherein the controlier is mounted on the device:

3. The system of claim I, wherein the controller is located remote from the
device.

4, The system of claim I, whercin the controller is configured for sampling

brightness from multiple pixels of the camera that correspond to a first focal region within
the camera’s ficld-of-view that is illuminated. by a first light source, the controller

combiniﬁg the samplced brightness to determine an average brightness provided by the first
light source, the controller modulating the first light source to provide a desired brightness

level within the first focal region.

5. The system of claim 4, wherein the controller is configured for amplitude
modulation of at least one of the current and the voltage to the first light source to provide

the desired brightness level.

6. The system of claim 4, wherein the controller is configured for pulse-width
modulation of at least-one of the current and the voltage to the first light source to provide

the desired brightness level.
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7. The system of ¢laim |, whercin the controller is configured for activating the
light sources only during periods when the camera is activated to acquire images of the first

eye.

8. The system of claim 1, wherein the desired brightness levels of the light

sources are substantially uniform.
9. The system of claim 1, wherein the light sources comprise LEDs.

10.  The system of claim 1, wherein the camera compriscs one of a CCD and

CMOS detector.

Il.  The system of claim 1, further comprising a processing unit coupled to the

camera for receiving images of the first cyc from the camera.

12. A fecdback controlled system for producing spatially controlled illumination
comprising: '

a camera that measures scene brightness in two or more spatial regions of a field-of-
view;

light sources that preferentially illuminate corresponding regions within the
camera’s field-of-view; and

a processor that computes average brightness within each region of the camera’s
ficld-of-view and modulates corresponding light sources to one or more target brightness

levels to provide desired brightness levels within the field-of-view,

13.  The system of claim 12, wherein the camera and the light sources are
mounted on a device configured to be worn on a person’s head, the camera positioned on
the device for viewing a first cyc of the person wearing the device, the light sources located
on the device for preferentially illuminating respective focal regions of the person’s face

around the first eye and within the camera’s field-of-view.
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14, The system of claim 13, wherein the processor is located remote from the

device.

15.  The system of claim 12, wherein the processor is configured for sampling
5  brightness from multiple pixels of the camera that correspond to a first focal region within
the camera’s ficld-of-view that is illuminated by a first light source, the processor
combining the sampled brightness to determine an average brightness provided by the first
light source, the proccssor modulating the first light source to provide a desired brightness
level within the first focal region.
10

16.  The system of claim 12, wherein the processor is configured for amplitude

modulation of at lcast onc of the current and the voltage to the light sources to provide the

desired brightness levels.

15 17.  The system of claim 12, whercin the précessor is configured for pulse-width
modulation of at lcast onc of the current and the voltage to the light sources to provide the

desired brightness levels.

18.  The system of claim 12, wherein the processor is coupled to the Iight'sources
20 for activating the light sources only during periods when the camera is activated to acquire

images of the first eye.

19.  The system of claim 18, wherein the processor is configured for pulse-width
modulation of at least one of the current and the voltage to the light sources during the

25  periods when the camera is activated to provide the desired brightness levels.

20.  The system of claim 12, wherein the processor is coupled to the light sources

for deactivating the light sources when the camera is inactive.

30 21.  The system of claim 12, wherein the desired brightness levels of the light

sources are substantially uniform.
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22. The system of claim 12, wherein the desired brightness levels of the light
sources arc variablc bascd at Icast in part on the location of the respective focal regions

within the field-of-view.
23.  The system of claim 12, wherein the light sources comprise LEDs.

24.  The system of claim 12, wherein the camera comprises onc of a CCD and
CMOS detector.

25.  The system of claim 12, further comprising an clectronic display, the camcra
and light sources mounted relative to the display such that the camera and light sources are

oricnted towards a face of a person vicwing the electronic display.

26. The system of claim 25, wherein the camera and light sources are mounted to

the display.

27.  The system of claim 12, wherein the camera is-mounted to a dashboard of a

vehicle such that the camera is oriented towards the face of an operator of the vehicle.

28.  The system of claim 27, whercin the light sources are mounted to the vehicle
such that the light sources arc oriented towards the face of the operator for preferentially
illuminating respective focal regions of the operator’s face within the camera’s ficld-of-

view.,

29. The system of claim 12, wherein the camera is mounted to a structure
adjacent an assembly line or conveyor belt for obtaining images of objects being directed

along the assembly line or conveyor belt.

30.  The system of claim 12, whercin the camcra is mounted to a structure
adjacent a plurality of storage areas for obtaining images of objects located in the storage

areas.
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31.  The system of claim 30, wherein the light sources are mounted adjacent the
storage arcas to preferentially illuminate respective focal regions of the storage areas within

the camera’s field-of-view.

32, The system of claim 31, wherein the processor is coupled to the light sources
to modulate the light sources based on average brightness within cach of the focal regions to

provide a substantially uniform brightness level within the field-of-view.

33, The system of claim 31, wherein the processor is coupled to the light sources
to modulate the light sources based on average brightness within cach of the focal regions to

provide a variable brightness level within the ficld-of-view.

34.  The system of claim 33, wherein the processor is coupled to the light sources
to modulate the light sources to provide a greater brightness level for focal regions that are

further from the camera than other focal regions.

35. A method for controlling illumination of a first ecye of a person, comprising:

positioning a camera towards a person’s face such that a first eye of the person lies
within a field-of-view of the camera;

illuminating at least a portion of the person’s face with a plurality of light sources

that preferentially illuminate respective focal regions of the person’s face around the first

-¢yc and within the camera’s ficld-of-vicw;

sampling brightness in the respective focal regions of the light sources using the
camcra; and
modulating the light sources based at least in part on the sampled brightness to

provide desired brightness levels within the respective focal regions.

36. The method of claim 35, wherein the camera is mounted on a device
configurcd to bc wom on a person’s head, and whercin the camcra is positionced towards the

person’s face by placing the device on the person’s head.
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37.  The method of claim 35, wherein brightness in the respective focal regions is
samplcd using a controlier coupled to the camera, the controller coupled to the light sources

for modulating the light sources based at least in part on the sampled brightness.

38. The method of claim 37, wherein the camera is mounted on a device
configured to be worn on a person’s head, and wherein the controller is located remote from

the device.

39.  The method of claim 35, wherein sampling brightness comprises:

sampling brightness from multiple pixcls of the camera that correspond to a first
focal region within the camera’s field-of-view that is illuminated by a first light source; and

determining an average brightness provided by the first light source, and

wherein modulating the light sources comprises modulating the first light source to
provide a desired brightness level within the first focal region based at least in part on the

determined average brightness.

40.  The method of claim 35, wherein modulating the light sources comprises
modifying amplitudes of at least one of the current and the voltage to the light sources to

provide the desired brightness levels within the respective focal regions.

41.  The method of claim 35, whercin modulating the light sources comprises
modifying pulsc widths of at Icast one of the current and the voltage to the light sources to

provide the desired brightness levels within the respective focal regions.

42.  The method of claim 35, wherein the light sources are modulated to provide

a substantially uniform brightness within the camera’s field-of-view.

43.  The method of claim 35, further comprising monitoring images of the first

cyc using the camcra.
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44, The method of claim 43, wherein the images of the first eye are monitored to
at Icast onc of: a) determinc a level of drowsiness of the person, b) at lcast partially control

an electronic device, and c) provide biofeedback from the person.

45. A method for controlling illumination of a scene, comprising:

dirccting a camera towards a scene such that one or more objects in the scenc are
within a field-of-view of the camera;

illuminating the scene with a plurality of light sources that preferentially illuminate
respeetive focal regions within the camera’s field-of-view;

sampling brightness in the respective focal regions of the light sources using the
camera; and

modulating the light sources bascd at least in part on the sampled brightness to

provide desired brightness levels within the respective focal regions.

46.  The method of claim 45, whercin the scene includes at least a portion of a-

person’s face, and whercin the onc or morc objects comprise at-least onc cye of the person.

47, The method of claim 45, wherein the camera is mounted on a device on the

person’s head.

48.  The method of claim 45, wherein the plurality of light sources arc mounted

on a device on the person’s head.

49. The method of claim 45, wherein the camera is mounted at a location

remotely from the person’s head.

50.  The method of claim 45, wherein the plurality of light sources are mounted

remotely from the person’s head.

51.  The method of claim 45, wherein brightness in the respective focal regions is
sampled using a controller coupled to the camera, the controller coupled to the light sources

for modulating the light sources based at least in part on the sampled brightness.
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52.  The method of claim 45, whercin sampling brightness compriscs:

sampling brightness from multiple pixels of the camera that correspond to a first
focal region within the camera’s field-of-view that is illuminated by a first light source; and

determining an average brightness provided by the first light source from the
brightness sampled from the multiple pixels, and

whercin modulating the light sources comprises modulating the first light source to
provide a desired brightness level within the first focal region based at lcast in part on the

determined average brightness.

53.  The method of claim 52, wherein sampling brightness further comprises:

sampling brightness from multiple pixels of the camera that correspond to a second
focal region within the camera’s field-of-view that is illuminated by a second light source;
and ‘

determining an average brightness provided by the sccond light source, and

wherein modulating the light sources comprises modulating the sccond light source
to provide a desired brightness level within the sccond focal region based at least in part on

the determined average brightness.

54.  The method of claim 45, wherein modulating the light sources comprises
modifying amplitudes of at least onc of the current and the voltage to the light sources to

provide the desired brightness levels within the respective focal regions.

55.  The method of claim 45, whercin modulating the light sources comprises
modifying pulse widths of at least one of the current and the voltage to the light sources to

providc the desired brightness levels within the respective focal regions.

56.  The method of claim 45, wherein the light sources are modulated to provide

a substantially uniform brightncss within thc camcra’s ficld-of-view.
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57.  The method of claim 45, wherein the light sources are modulated to provide
a predetermined brightness that varics within diffcrent portions of the camera’s ficld-of-

view.

58.  The method of claim 45, wherein the camera and light sources are mounted
rclative to an electronic display such that the camera and light sourcces arc oriented towards
a face of a person viewing the clectronic display, and wherein the light sources are
modulated to provide desired brightness levels to respective focal regions of the person’s

facc within the camera’s ficld-of-view.

59. The method of claim 45, wherein the camera is mounted to a dashboard of a

vchicle such that the camera is oriented towards the face of an operator of the vehicle.

60. The method of claim 59, whercin the light sources are mounted to the vehicle
such that the light sources are oriented towards the face of the operator for preferentially
illuminating respective focal regions of the operator’s face within the camera’s ficld-of-

view.

61. The method of claim 45, wherein the camera is directed towards an assembly
line or conveyor belt for obtaining images of objects being directed along the asscmbly line

or conveyor belt.

62.  The method of claim 45, wherein the camera is directed towards a plurality

of storage arcas for obtaining images of objects located in the storage areas.

63.  The method of claim 62, wherein the light sources are directed towards the
storage areas to preferentially illuminate respective focal regions of the storage areas within

the camera’s field-of-view.

64.  The method of claim 63, wherein the light sources are modulated to provide

a substantially uniform brightness level within the field-of-view,



WO 2011/149577 PCT/US2011/026736

10

20

29

65.  The method of claim 63, wherein the light sources are modulated to provide

a variable brightness level within the ficld-of-view.

'66.  The method of claim 65, wherein the light sources are modulated to provide
a greater brightness level for focal regions that are further from the camera than other focal

regions.

67.  The method of claim 45, further comprising acquiring images of the
camera’s ficld-of-vicw using the camera, and wherein the brightness in the respective focal

regions of the light sources is sampled from the images acquired using the camera.

68.  The method of claim 67, wherein light sources are deactivated when the

camera is hot acquiring images.

69.  The method of claim 45, further comprising acquiring images of the
camera’s ficld-of-view using the camera, and wherein the brightness in the respective focal
regions of the light sources is sampled separately from the images acquired using the

camera.

70.  The method of claim 69, wherein light sources are activated only during
periods when the camera is acquiring images and during periods when the brightness in the

respective focal regions of the light sources is sampled.
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