wo 2014/165698 A 1[I N0FV 0O O O O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/165698 A1l

9 October 2014 (09.10.2014) WIPO | PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
G0O3B 7/08 (2014.01) GO3B 7/18 (2006.01) kind of national protection available). AE, AG, AL, AM,
21) Tnt tional Application Number- AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
@1 TInternational Application Number: CT/US2014/032871 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
3 April 2014 (03.04.2014) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
. ) MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(30) Priority Data: ZW.
61/809,260 5 April 2013 (05.04.2013) UsS
61/877,459 13 September 2013 (13.09.2013) Us (84) Designated States (unless otherwise indicated, for every
61/882,575 25 September 2013 (25.09.2013) Us kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(71) Applicant: RED.COM, INC. [US/US]; 34 Parker, Irvine, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
CA 92618 (US). TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(72) Inventors: DAVIS, Anthony, Wayne; C/o Red.com, Inc., ll\E/IEé El\i,KFIl,\/IliFR,N(iB,I\I((})R,PIiRiDEUIi(I)E,RIS, ga’ LSFII“’ ;‘II(J > él\\/i,
34 Parker, Irvine, CA 92618 (US). ROSE, Robert; C/o > > 2 T T T BT T T B M M
. TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
Red. Com, Inc, 34 Parker, Irvine, CA 92618 (US). NAT- KM, ML, MR, NE, SN, TD, TG)
TRESS, Thomas, Graeme; C/o Red. Com, Inc, 34 Parker, > ’ > > ’ ’
Irvine, CA 92618 (US). LAND, Peter, Jarred; C/o Red. Published:
?z?nnlle,:sln%l ?4Cl;2r1;e;’alr\él§§; CIﬁc%géltgP(aIilz.r JﬁiARC]?; —  with international search report (Art. 21(3))
92618 (US). —  before the expiration of the time limit for amending the
(74) Agent:. CHRISTENSEN, Michael, R.; Knobbe, Martens Clﬂim; and to ble repulzlished in the event of receipt of
: ’ 5 ., > > amendments (Rule 48.2
Olson & Bear, LLP, 2040 Main Street, 14th Floor, Irvine, ( ®)
CA 92614 (US).
(54) Title: OPTICAL FILTERING FOR CAMERAS

100a
108

104

117

LENS LENSMOWNT |/

/ CAMERA HOUSING

1

~JconTROLLER
| 109

107 -1
RIS FOCUSING

IMAGE

LIGHT
DIAPHRAM | [MECHANISM

F
|
L

H/( 102
R

SENSCR

IMAGE
PROCESSOR

CONTROLLER MEMORY

N
118

FIG. 1A

(57) Abstract: In one embodiment, a camera includes an image sensor within a camera housing that converts light entering the cam -
era housing through an optical filter into digital image data. The optical filter can have a variable opacity. A processor in communic -
ation with the image sensor identifies operation settings for the optical filter and adjusts an opacity level of the optical filter over an
exposure period in accordance with the operation settings for the optical filter. In addition, the processor modifies values of the di-
gital image data based at least on the operation settings for the optical filter.
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OPTICAL FILTERING FOR CAMERAS

REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority benefit from U.S. Provisional
Application No. 61/809,260 (Atty. Docket No. REDCOM.087PR1), filed April 5, 2013,
entitled “OPTICAL FILTERING FOR CAMERAS,” U.S. Provisional Application No.
61/877,459 (Atty. Docket No. REDCOM.087PR2), filed September 13, 2013, entitled
“OPTICAL FILTERING AND EXPOSURE CONTROL FOR CAMERAS,” and U.S.
Provisional Application No. 61/882,575 (Atty. Docket No. REDCOM.087PR3), filed
September 25, 2013, entitled “OPTICAL FILTERING FOR CAMERAS;” the disclosures

of which are incorporated herein by reference in their entirety.

BACKGROUND
[0002] Motion picture film cameras expose film by allowing light to pass
through a lens opening and then through a shutter aperture. In traditional motion picture
cameras, a shutter rotates at a speed synchronous with that of passing film frames. Digital
motion picture cameras, on the other hand, expose an image sensor by electronically

controlling an exposure time for each frame to achieve a similar effect.

SUMMARY

[0003] According to certain aspects, an optical filter (e.g., an electronically
controlled, variable opacity filter) and corresponding methods are provided for neutral
density filtering, temporal filtering, or both. The optical filter can be integrated with an
existing camera component, such as a lens mount or camera body, providing seamless
integration of the optical filter with a camera system.

[0004] According to certain aspects, a camera is provided that includes a
housing and an image sensor within the housing and configured to convert light entering
the housing into digital image data. The camera includes a variable opacity optical filter
positioned along an optical path between a point outside of the camera body and the
image sensor. A variable opacity of the optical filter may be electronically controlled.

[0005] The variable opacity optical filter can be positioned along the optical

path between a lens supported by the camera and the image sensor. For instance, in some
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cases, a lens mount includes the variable opacity optical filter and is releasably attachable
to the housing. The lens mount is configured to accept a lens assembly. Integrating the
optical filter in the lens mount can provide certain benefits over positioning the filter in
other locations. For instance, where a common lens mount can cooperate with a variety of
third party lenses, users can purchase a single component giving them the ability to use
the optical filter functionality with any compatible lens, in contrast to situations where the
filter is integrated within the lens, for example. Moreover, unlike configurations where
the optical filter is housed in a separate packaging and attached to the front of the lens, the
lens mount-integrated optical filter allows a user to interchange lenses without having to
also detach the optical filter from the old lens and attach it to the new lens. Since lenses
are typically interchanged frequently, much more frequently than lens mounts, for
example, this can greatly simplify use. Finally, while in some embodiments the lens
mount can be included within the camera body, inclusion of the optical filter in the lens
mount reduces the number of components included in the camera housing and provides
enhanced flexibility. For instance, a user can elect to record with or without the optical
filter by selection of a lens mount that includes or does not include the optical filter, as
desired. Or in some cases a common lens mount including the optical filter can be used
with multiple different types of compatible camera bodies. In certain other embodiments,
the variable opacity optical filter is positioned within the housing. In yet other
embodiments, the optical filter can be located within the lens, is attached to or otherwise
situated in front of the lens in the optical path, or is located at some other location in the
optical path.

[0006] In certain embodiments, the housing includes a housing aperture, and
the lens mount is attachable to the housing aperture, wherein the variable opacity optical
filter is positioned within the housing and between the housing aperture and the image
Sensor.

[0007] The variable opacity optical filter can include liquid crystal, for
example one or more liquid crystal panels.

[0008] In certain embodiments, the variable opacity optical filter is configured
to operate in a neutral density mode. In the neutral density mode, the opacity of the
variable opacity optical filter can be substantially constant, e.g., while the image sensor is

exposed.
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[0009] The variable opacity optical filter can also be configured to operate in a
temporal filtering mode. When in the temporal filtering mode, the variable opacity
optical filter can vary according to a temporal filtering function during at least a portion of
a frame period.

[0010] The camera can be configured to store a plurality of frames of a video
recording, and when in the temporal filtering mode, an attenuation coefficient of the
variable opacity optical filter can change from a first attenuation coefficient to at least a
second attenuation coefficient (e.g., to a plurality of other attenuation coefficients),
according to the temporal filtering function, wherein the first attenuation coefficient is
different from the second attenuation coefficient, during at least a portion of an exposure
of a single frame of a video recording captured by the camera. For instance, the variable
opacity of the variable opacity optical filter may substantially continually vary according
to the temporal filtering function during the exposure.

[0011] The camera can also include an opacity controller, the opacity
controller being configured to electronically control the variable opacity optical filter,
wherein, when in the temporal filtering mode, the variable opacity optical filter varies
according to a temporal filtering function. The opacity controller, in some cases, is
configured to transmit a first control signal to the variable opacity optical filter causing
the variable opacity optical filter to change its opacity to the first attenuation coefficient
and to transmit a second control signal control to the variable opacity optical filter causing
the variable opacity optical filter to change its opacity to the second attenuation
coefficient.

[0012] The variable opacity optical filter can be configured to reduce temporal
aliasing when operating in the temporal filtering mode. And, the variable opacity optical
filter can be configured to selectively operate in one or more of a neutral density filtering
mode, a temporal filtering mode, and a global shuttering mode.

[0013] According to some embodiments, the camera can include at least one
processor within the housing configured to process the digital image data generated by the
image sensor and modify values of the digital image data based on a configuration of the
optical filter. Tor example, the processor can be configured to vary the amount of
modification to the values of the digital image data based on an opacity setting for the
variable opacity optical filter. The opacity setting may correspond to a user-selected

neutral density stop setting for the variable opacity optical filter.
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[0014] The digital image data, in some cases, includes first, second, and third
colors, and the processor is configured to modify values for the first color based on the
opacity setting. The first color can be blue image data, for example. The modification of
the values may counteract a color shift of the digital image data caused by the optical
filter.

[0015] When the variable opacity optical filter operates in a temporal filtering
mode, the processor may modify the values based at least in part on a shutter angle
associated with the variable opacity optical filter. The modification of the values that is
based at least in part on the shutter angle may adjust a white point of the digital image
data. And, the modification of the values can counteract a white point shift in the digital
image data caused by the variable opacity optical filter.

[0016] The processor can be configured, in some embodiments, to modify
values of the digital image data according to a first function to counteract a white point
shift caused by the variable opacity optical filter and to modify values of the digital image
data according to a second function to counteract a color shift caused by the variable
opacity optical filter.

[0017] According to further aspects, the camera can include at least one
processor configured to control operation of the sensor and to generate a synchronization
or other control signal. In addition, the variable opacity optical filter can comprise drive
electronics configured to control the opacity of the variable opacity optical filter, receive
the signal, and in response to the signal, synchronize the control of the opacity of the
variable opacity optical filter with operation of the image sensor.

[0018] The synchronization or control signal can be routed from the processor
to the drive electronics via a signal path that is internal to the camera in some cases. Ior
instance, the signal can be routed from the processor to the drive electronics of the
variable opacity optical filter without the use of an external camera port or leads or cables
external to the camera.

[0019] According to additional aspects, the variable opacity optical filter can
be configured to be selectively mechanically moved into and out of the optical path. In
such cases, the camera can include a substitute optical element configured to
mechanically move into the optical path in place of the variable opacity optical filter when
the variable opacity optical filter is moved out of the optical path. The camera can

include an actuator actuatable by a user to effect the movement of the variable opacity
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optical filter into and out of the optical path. The substitute optical element can include
substantially transparent material, such as glass. Moreover, the substitute optical element,
in some cases, has an index of refraction substantially similar to the variable opacity
optical filter.

[0020] The camera can additionally include at least a first electronic connector
connecting the drive electronics with the variable opacity optical filter, first electronic
connector having at least one flexible portion. The first electronic connector can include
at least two electrical conductors, both of which can be connected to both the drive
electronics and the variable opacity optical filter. The first electronic connector may be
arranged such that no portion of the first flexible electronic connector passes through the
optical path as the variable opacity optical filter moves into and out of the optical path.

[0021] In some additional embodiments, the camera can include a second
image sensor within the housing and configured to convert light entering the housing into
digital image data, and a second variable opacity optical filter positioned along the optical
path between a second lens assembly supported by the housing and the second image
sensor, wherein a variable opacity of the second variable opacity optical filter is
electronically controlled.

[0022] The camera can additionally include an iris diaphragm disposed in the
optical path between the point outside of the camera body and the image sensor. The iris
diaphragm can include a diaphragm mechanism configured to define an adjustable-size
aperture stop of the optical path.

[0023] In some embodiments, the camera can include an exposure controller
configured to adjust an exposure level at least partly by changing at least one optical
characteristic of the optical filter. The at least one optical characteristic can be an opacity
of the optical filter. The exposure controller can adjust the at least one optical
characteristic in response to changes in lighting conditions external to the camera or in the
current field of view of the camera. The exposure controller can additionally or
alternatively adjust the at least one optical characteristic in response to processing of the
digital image data captured by the sensor. The exposure controller can change the at least
one optical characteristic while one or two or more of or each of (i) the size of the
aperture-stop, (ii) an adjustable shutter speed of the camera, (iii) an adjustable sensitivity
of the image sensor, (iv) a white balance setting of the camera, or (v) a depth of field of

the camera are maintained substantially constant or not modified. The exposure controller
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can adjust the at least one optical characteristic in order to maintain the exposure level at a
substantially constant level or within a pre-determined range. The range may be within a
range of plus or minus no more than about 1% or about 5% of a baseline exposure level.
The exposure controller can adjust the at least one optical characteristic in response to
changes in lighting conditions detected by a second sensor separate from the image
sensor. The second sensor can be a second image sensor.

[0024] A mechanical shutter can, in addition, be positioned between the point
outside the point outside the camera and the image sensor in the optical path.

[0025] In certain embodiments, the image sensor can implement an electronic
shutter. When the image sensor implements the electronic shutter, the shutter speed of the
camera can be associated with the electronic shutter implemented by the image sensor.

[0026] A focusing mechanism can additionally be disposed in the optical path
comprising at least one lens assembly configured to adjust a focus of light flowing
through the focusing mechanism to the image sensor.

[0027] In an embodiment, a camera can include a camera housing, an image
sensor within the camera housing, and a processor in communication with the image
sensor. The image sensor can convert light entering the camera housing into digital image
data. The light can pass through a variable opacity optical filter situated in the optical
path prior to arriving at the image sensor. The processor can identify operation settings
for the optical filter, generate control information that causes an opacity level of the
optical filter to adjust over an exposure period in accordance with the operation settings
for the optical filter, and modify values of the digital image data based at least on the
operation settings for the optical filter.

[0028] The camera of the preceding paragraph can include one or more of the
following features: When the operation settings for the optical filter indicate a temporal
filtering mode, the processor can generate the control information that causes the opacity
level of the optical filter to adjust over the exposure period from a first opacity level to a
second opacity level and back to the first opacity level, and the opacity level can transition
through a plurality of intermediate opacity levels when adjusting between the first opacity
level and the second opacity level and when adjusting between the second opacity level
and the first opacity level. The operation settings for the optical filter can include a
neutral density setting, and the processor can maintain the opacity level of the optical

filter over the exposure period at an opacity level corresponding to the neutral density
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setting. The processor can modify the values of the digital image data by applying a
matrix to the digital image data to at least counteract an effect of the optical filter on the
digital image data. The processor can modify the values of the digital image data by
applying the matrix to the digital image data to at least perform colorimetry calibration
associated with one or more components other than the optical filter. The digital image
data can include first, second, and third colors, and the processor can modify values for
the first color based at least on the operation settings for the optical filter. The first color
can include blue image data. The processor can modify the values of the first color by
reducing the values for the first color a greater amount when an opacity level of the
optical filter is at a first level than when the opacity level of the optical filter is at a second
level different from the first level. The processor can modify the values of the digital
image data so as to counteract a color shift caused by the optical filter. The processor can
modify the values of the digital image data so as to counteract a white point shift in the
digital image data caused by the optical filter. The processor can modify the values of the
digital image data so as to counteract a white point shift in the digital image data caused
by the optical filter. The processor can modify the values of the digital image data in
accordance with a first function to counteract a white point shift in the digital image data
caused by the optical filter and in accordance with a second function to counteract a color
shift caused by the optical filter, and the processor can modify the values of the digital
image data in accordance with the first function before modifying the values of the digital
image data in accordance with the second function. The processor can modify the digital
image data by reducing the values of the digital image data a greater amount when the
operation settings for the optical filter indicate a temporal filtering mode than when the
operation settings for the optical filter indicate a global shuttering mode. The optical
filter can be a part of a lens mount releasably connected to the camera housing. When the
operation settings for the optical filter indicate a temporal filtering mode, the processor
can modify the values of the digital image data based at least on a shutter angle associated
with the optical filter. The processor can set the operation settings for the optical filter at
least in part according to a user input. The optical filter can be included in a lens mount
removably attached to the camera housing. The camera can further include the optical
filter, which can be contained within the camera housing. The optical filter can include a
liquid crystal panel. The processor can generate the control information so as to operate

the optical filter in at least three different modes corresponding to: (i) a temporal filtering
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mode in which the optical filter gradually increases its transmissivity to a first level, and
subsequently gradually decreases the transmissivity from the first level before the end of
the exposure period; (ii) a global shutter mode wherein the optical filter (a) maintains a
first level of transmissivity, (b) abruptly increases transmissivity from the first level to a
second level, (c) maintains the second level of transmissivity, and (d) abruptly decreases
transmissivity from the second level; and (iii) a neutral density mode wherein the opacity
is maintained at a constant value over the exposure period.

[0029] In an embodiment, a method of operating a camera includes:
identifying operation settings for an optical filter having a variable opacity; adjusting,
with a processor, an opacity level of the optical filter over an exposure period in
accordance with the operation settings for the optical filter; converting, with an image
sensor within a camera housing, light entering the camera housing into digital image data,
the light passing through the optical filter prior to arriving at the image sensor; and
modifying values of the digital image data based at least on the operation settings for the
optical filter.

[0030] The method of the preceding paragraph can include one or more of the
following features: 'The operation settings for the optical filter can include a neutral
density setting, and the method can further include maintaining an opacity level of the
optical filter over the exposure period at a level that corresponds to the neutral density
setting. The modifying can include applying a matrix to the digital image data to at least
counteract an effect of the optical filter on the digital image data. The modifying can
include modifying the digital image data in accordance with a first function to counteract
a white point shift in the digital image data caused by the optical filter before modifying
the digital image data in accordance with a second function to counteract a color shift
caused by the optical filter. The modifying can include reducing the values of the digital
image data a greater amount when the operation settings for the optical filter indicate a
temporal filtering mode than when the operation settings for the optical filter indicate a
global shuttering mode.

[0031] In an embodiment, a camera can include a camera housing, an image
sensor within the camera housing, and a processor in communication with the image
sensor. 'The image sensor can convert light entering the camera housing into digital
motion picture image data. The light can pass through a variable opacity optical filter

situated in the optical path prior to arriving at the image sensor. The processor can
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receive an indication of a user-selected operational mode for the optical filter, and the
operational mode can be selected from at least two available operational modes including
a temporal filtering mode and a global shutter mode. For each image frame of a plurality
of image frames represented by the digital motion picture image data, over an exposure
period corresponding to at least a portion of a frame period corresponding to the image
frame: (i) if the user-selected operational mode is the temporal filtering mode, generate
control information that causes the optical filter to gradually increase its transmissivity to
a first level, and to subsequently gradually decrease the transmissivity from the first level
before the end of the exposure period; and (ii) if the user-selected operational mode is the
global shutter mode, generate control information that causes the optical filter to: (a)
maintain a first level of transmissivity; (b) abruptly increase transmissivity from the first
level to a second level; (¢) maintain the second level of transmissivity; and (d) abruptly
decrease transmissivity from the second level. Moreover, the at least two operational
modes can further include a neutral density mode, where the processor can, if the user-
selected operational mode is the neutral density mode, maintain a substantially constant
level of transmissivity over the exposure period.

[0032] In an embodiment, a lens mount includes a camera interface disposed
on a camera side of the lens mount, a lens interface disposed on a lens side of the lens
mount, an opening extending through the lens mount from the lens side to the camera side
along an optical path, a variable opacity optical panel, and electronics. The camera
interface can releasably attach to a corresponding interface on a camera body. The lens
interface can releasably accept a lens. The variable opacity optical panel can be situated
in the optical path such that light passing through the opening is incident on the optical
panel. The electronics can adjust the opacity of the optical panel in response to control

information received via the camera interface.

BRIEF DESCRIPTION OF THE DRAWINGS
[0033] The drawings are provided to illustrate example embodiments
described herein and are not intended to limit the scope of the disclosure. Throughout the
drawings, reference numbers may be re-used to indicate general correspondence between
referenced elements.
[0034] Iig. 1A illustrates a camera system including a lens mount having an

optical filter.
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[0035] Iig. 1B illustrates a camera system having an optical filter within the
camera housing.

[0036] Ilig. 2 is a plot of exposure window functions over a single frame.

[0037] Iig. 3 shows a camera system including an embodiment of a lens
mount having an integrated optical filter.

[0038] Iigs. 4A and 4B respectively illustrate front and back perspective
exploded views of the lens mount of Figure 3.

[0039] IMigs. SA-I illustrate operation of an optical filter configured to move in
and out of an optical path of a camera.

[0040] Ilig. 6 illustrates an exposure control process performable by a camera
system.

[0041] Iiig. 7 illustrates an image data modification process performable by a
camera system.

[0042] Iiig. 8 illustrates an optical filter positioning process performable by a
camera system.

[0043] Iiig. 9 illustrates an embodiment of a camera system having a plurality

of imagers and corresponding optical filters.

DETAILED DESCRIPTION

[0044] Various aspects of the disclosure will now be described with regard to
certain examples and embodiments, which are intended to illustrate but not to limit the
disclosure. Nothing in this disclosure is intended to imply that any particular feature or
characteristic of the disclosed embodiments is essential. The scope of protection is
defined by the claims that follow this description and not by any particular embodiment
described herein.

[0045] Systems, apparatus and methods are described herein for optical
filtering, e.g., using one or more variable-opacity optical filters. The optical filters can be
integrated with an existing camera component, such as a lens mount or camera body. The
filters can operate in one or more of multiple modes, including modes for neutral density

filtering, temporal filtering, or global shuttering.

Camera System Overview
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[0046] Iigs. 1A-C illustrate various configurations of camera systems 100a,
100b including one or more optical filters 102. The camera systems 100a, 100b can be
used to detect and process video image data. The camera system 100a of Iig. 1A includes
a camera housing 104, a lens mount 106, and a lens 108. The camera housing 104 is
provided with a lens mount interface 110 for releasable attachment with a corresponding
interface 112 of the lens mount 106. The lens mount 106 further includes a lens interface
114 configured to accept and support the lens 108. The camera system 100a may
generally incorporate components or functionality of, or be otherwise similar to or the
same as any of the cameras described in U.S. Patent No. 8,237,830, issued on August 7,
2012, titled “VIDEO CAMERA” or U.S. Patent No. 8,525,925, issued on September 3,
2013, titled “MODULAR DIGITAL CAMERA,” the entireties of each of which are
hereby incorporated by reference.

[0047] The camera system 100a includes at least one image sensor 114, at
least one memory 113, at least one controller 116, at least one image processor 119 within
the camera housing 104. The controller 116 generally manages operation of the image
sensor 114, and can be in communication with a lens mount controller 118 of the lens
mount 106 so as to synchronize operation of the optical filter 102 and image sensor 114.
The lens mount controller 118, in certain embodiments, communicates and controls
operation of the lens 108, e.g., at the direction of the controller 116. The image processor
119 generally processes the image data output from the image sensor 114. Before or after
the image processor 119 processes the image data, the image data can be stored to the
memory 113. The image processor 119 can format the data stream from the image sensor
114 in any known manner and can separate green, red, and blue image data into separate
data compilations. For example, the image processor 119 can separate the red data into
one data element, the blue data into one blue data element, and the green data into one
green data element. Although the controller 116 and image processor 119 are shown as a
separate processor and controller in the illustrated embodiment of Iig. 1, the controller
116 and image processor 119 can be implemented using the same processor or controller
in other embodiments.

[0048] In some embodiments, the camera system 100a also includes one or
more of a compression module (not shown) for compressing image data, display (not
shown) for displaying images to a user of the camera system 100a, and display controller

(not shown) for controlling the images shown by the display. The one or more of the
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compression module, display, and display controller can be in communication with the
image sensor 114, the memory 113, the controller 116, and the image processor 119. The
compression module can be incorporated within the image processor 119, for example.
[0049] The image sensor 114 can be any type of image sensing device,
including, for example, but without limitation, CCD, CMOS, vertically-stacked CMOS
devices such as the Foveon® sensor, or a multi-sensor array using a prism to divide light
between the sensors. The image sensor 114 can provide variable resolution by selectively
outputting a predetermined portion of the image sensor 114, and the image sensor 114 and
image processor 119 can allow a user to identify the resolution of the image data output.
In addition, the sensor 114 can include a Bayer pattern filter. As such, the sensor 114, by
way of its chipset (not shown) may output data representing magnitudes of red, green, or
blue light detected by individual photocells of the image sensor 114. The chipset of the
image sensor 114 can be used to read the charge on each element of the image sensor and
thus output a stream of values in, for instance, RGB format output. In some
configurations, the camera 100a can be configured to record and/or output video (e.g.,
compressed raw video) at “2k” (e.g., 2048 x 1152 pixels), “4k™ (e.g., 4,096 x 2,540
pixels), “4.5k” horizontal resolution, “Sk’ horizontal resolution (e.g., 5120 x 2700 pixels),
“6k” horizontal resolution (e.g., 6144 x 3160), or greater resolutions. In some
embodiments, the camera can be configured to record compressed raw image data having
a horizontal resolution of between at least any of the above-recited resolutions. In further
embodiments, the resolution is between at least one of the aforementioned values (or
some value between the aforementioned values) and about 6.5k, 7k, 8k, 9k, or 10k, or
some value therebetween). As used herein, in the terms expressed in the format of xk
(such as 2k and 4k noted above), the “x” quantity refers to the approximate horizontal
resolution. As such, “4k” resolution corresponds to about 4000 or more horizontal pixels
and “2k” corresponds to about 2000 or more pixels. Using currently commercially
available hardware, the sensor can be as small as about (.5 inches (8 mm), but it can be
about 1.0 inches, or larger. Additionally, the image sensor 114 can be configured to
provide variable resolution by selectively outputting only a predetermined portion of the
sensor 114. For example, the sensor 114 and/or the image processing module can be
configured to allow a user to identify the resolution of the image data output. Moreover,
the camera 100a can be configured to capture and/or record image data (e.g., compressed

raw image data) at any of the above resolution levels at frame rates of These processes
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can also be applied to the processing of continuous video, e.g., at frame rates of greater
than 23 frames per second, as well as frame rates of 20, 23.98, 24, 25, 29.97, 30, 47.96,
48, 50, 59.94, 60, 120, and 250 frames per second, or other frame rates between any of
these frame rates or greater.

[0050] The lens 108 can be supported by the lens mount 106 and camera
housing 104 in a manner that leaves the lens 108 exposed at the outer surface of the
camera housing 104. The lens 108 can include one or more optics and focus incoming
light onto a light-sensitive surface of the image sensor 114. The lens 108 can provide
variable zoom, aperture, and focus functionality. The lens 108 can include an iris
diaphragm 107 in the optical path between a point in front of the lens 108 and the image
sensor 114. The iris diaphragm 107 can include a diaphragm mechanism configured to
define an adjustable-size aperture stop or hole in the optical path. The lens 108 can
include a focusing mechanism 109 disposed in the optical path and including at least one
lens assembly configured to adjust a focus of light passing through the focusing
mechanism 109 to the image sensor 114, In addition, the lens 108 can include a lens
controller 111 that controls operations of the iris diaphragm 107 and focusing mechanism
109. The lens controller 111 can control the iris diaphragm 107 and focusing mechanism
109, in some cases, at the direction of the controller 116.

[0051] The lens mount controller 118 can also control operation of the optical
filter 102, e.g., at the direction of the controller 116. The optical filter 102 can be an
electronically-controllable optical element. An opacity of the optical filter 102 can be
controlled according to a desired function to provide, for example, temporal filtering (e.g.,
to reduce temporal aliasing as described in U.S. Patent Application Publication No.
2012/0062845, published on March 15, 2012, titled “APPARATUS AND METHOD
FOR IMPROVED MOTION PICTURE CAMERAS”, the entirety of which is hereby
incorporated by reference), global shuttering, or neutral density filtering. For instance, the
optical filter 102 can include a liquid crystal element that can be controlled according to a
drive voltage to vary the instantaneous illumination on the image sensor 114 over the
course of one or more exposures. In one implementation, the liquid crystal element may
be opaque when supplied with a voltage (e.g., a sinusoidal AC voltage signal) and
transparent when not supplied with a voltage, and the root mean square (RMS) of the
supplied voltage can be increased to increase the opacity of the liquid crystal element and

decreased to decrease the opacity of the liquid crystal element. The liquid crystal element
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can be overdriven (e.g., driven at an AC voltage that may not be maintained in steady-
state operation), in some cases, to increase the speed of transition from transparent to
opaque. In another implementation, a polarizer can be included in the optical filter 102 in
the optical path before or after the liquid crystal element, and by varying the supply of
power to the liquid crystal element, the polarity of the liquid crystal element can be varied
so as to control the illumination from opaque to transparent. In other instances, the
optical filter 102 can additionally or alternatively include one or more rotatable polarizers,
an exposure control wafer including perforations, or one or more other optical filters
usable to vary the instantaneous illumination on the image sensor 114 over the course of
one or more exposures. The lens mount controller 118 and/or the optical filter 102 can
include drive electronics for changing the opacity of or otherwise driving the optical filter
102. As a result, the lens mount 106 can at least in part take over shuttering duties for the
camera system 100a. For instance, the lens mount 106 can be considered to take over
shuttering duties for the camera system 100a when the camera system 100a may be
operating in the temporal filtering or global shuttering modes.

[0052] To provide temporal filtering, the optical filter 102 can generally be
controlled to provide prefiltering functionality. TFor example, the optical filter 102 can
provide intensity or illumination filtering over time to generate an exposure window
function that exhibits some transitional values other than O (fully opaque) and 1 (fully
transparent), in certain modes of operation. In one example, the optical filter 102
functions as a prefilter to reduce temporal aliasing to provide an illumination that
continuously varies and exhibits transitional values other than O (fully opaque) and 1
(fully transparent) during a single exposure.

[0053] The plot 200 of Fig. 2 illustrates multiple example exposure window
functions 1-6 producible by the optical filter 102 for achieving temporal filtering, e.g., to
reduce temporal aliasing and other types of motion artifacts. The exposure window
functions 1-6 show an exposure (e.g., opacity or transmissivity) of the optical filter 102
over time, where 1 may correspond to fully opaque and 0 may correspond to fully
transparent. Compatible temporal filtering functions may, for example, gradually
transition during a frame period from a “closed” state (e.g., at a fully opaque state or
otherwise at a lowest level of transmissivity for the exposure period), to an “open” state
(e.g., at a fully transparent or otherwise at a highest level of (ransmissivity for the

exposure period), and then back to the closed state. The exposure window functions 1-4
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illustrate example generally Gaussian-shaped exposure window functions for achieving
temporal filtering, while the exposure window functions 5 and 6 respectively illustrate
global shuttering and neutral density exposure window functions. Although the exposure
window functions 1-6 are shown for a shutter speed or frame rate of 24 frames per second
(fps), other shutter speeds or frame rates can be used in other cases, and exposure window
functions having other shapes can be used in other cases. Moreover, in some modes of
operation, a camera system like the camera system 100a can enable different shutter
angles to be selected and implemented. In such cases, the exposure window functions 1-6
can be applied to expose an image sensor to light for a duration corresponding to the
shutter angle for the camera system.

[0054] As can be seen from the exposure window function 1 of plot 200, for
instance, the exposure of the optical filter 102 can vary over time and, in some cases, over
a single frame. The exposure of the exposure window function 1 can begin at point 7
with an exposure level of about 0.08 at time 0.000 seconds, steadily increase to point 8
with an exposure level of about 0.52 at time 0.010 seconds, peak at point 9 with an
exposure level of about 1.00 at time about 0.022 seconds, steadily decrease to point 10
with an exposure level of about 0.64 at time 0.030 seconds, and end at point 11 with the
exposure level of about 0.08 at time about (0.043 seconds. Thus, the exposure window
function 1 can be characterized over the course of a single frame by one or more of: (i) the
initial exposure level, (ii) the rate of exposure level increase from the initial exposure
level to the peak exposure level, (iii) the peak exposure level, (iv) the rate of exposure
level decrease from the peak exposure level to the end exposure level, and (v) the end
exposure level. In one example implementation, such as illustrated by the exposure
window function 1, the opacity of the optical filter 102 can vary gradually from an
original opacity level to another opacity level and back to the original opacity level during
a single frame, and the opacity level can transition through multiple intermediate opacity
levels when adjusting between the original opacity level and the another opacity level.

[0055] As can be seen from the exposure window function 5 of plot 200, as
another example, the exposure of the optical filter 102 can vary over time and, in some
cases, over a single frame in a way that may be relatively abrupt and less gradual than the
transitions of the exposure window function 1. In particular, exposure of the exposure
window function 5 can begin at an exposure level of about 0.00 at time 0.000 seconds,

remain at the exposure level of about 0.00 until an initial time of about 0.018 seconds,
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abruptly increase to an exposure level of about 1.00 after the initial time of about 0.018
seconds, remain at the exposure level of about 1.00 until a subsequent time of about 0.023
seconds, abruptly decrease to the exposure level of about 0.00 after the subsequent time of
about 0.023 seconds, and remain at the exposure level of about 0.00 until time 0.043. The
exposure window function 5, accordingly, can be characterized over the course of a single
frame by one or more of: (i) the initial time when exposure level abruptly changes, (ii) the
subsequent time when the exposure level again abruptly changes, (iii) a width period w
between the initial time and subsequent time, and (iv) the exposure levels before and after
the transitions. The illustrated waveform corresponding to exposure window function 5
corresponds to a global shutter mode having an associated shutter angle of about 42
degrees [(0.005s/0.043s) * 360 degrees)]. In one example implementation, such as
illustrated by the exposure window function 5, the opacity of the optical filter 102 can
vary abruptly from an original opacity level to another opacity level and back to the
original opacity level once during a single frame.

[0056] The optical filter 102 can be controlled to provide a global shuttering
function. For instance, the opacity of the optical filter 102 can be controlled so that all of
the image sensing elements of the image sensor 114 can be exposed to light at the same
time or substantially the same time, for example, such as by generating the exposure
window function 5 of plot 200. As shown, the optical filter 102 can be controlled to
generate a relatively sharp transition from a “closed” state, where the filter 102 is at a
maximum opacity level (or is at some other baseline level of opacity), to an “open” state,
where the filter 102 is at its maximum level of transmissivity (or is at some other top-end
level of opacity). The filter 102 is held at the open state for a pre-defined duration before
sharply transitioning back to the closed state. In this manner, the image sensing elements
of the image sensor 114 may be exposed to light for a relatively limited duration. The
global shuttering function can eliminate, for instance, rolling shutter artifacts like partial
illumination caused by strobe lights. In some cases, this type of global shuttering function
is referred to as implementing a “hard” global shutter, or a “square shutter” because of the
sharp transition from closed to open and open to closed. Conversely, the temporal filtering
function described above can be referred to as a “soft” global shutter” or a “soft shutter”,
because there is a similar transition from closed to open, and back to closed, but it is a

gradual transition.
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[0057] The optical filter 102 can also be controlled to provide a neutral density
filtering function. For instance, where the optical filter 102 is a liquid crystal, the lens
mount controller 118 can provide a substantially constant amplitude signal to the liquid
crystal so that the liquid crystal provides a desired constant opacity level throughout the
entirety or the substantial entirety of the frame period. The amplitude of the signal can be
controlled (e.g., based on a user-selected stop value) to achieve a desired opacity level and
corresponding neutral density filtering effect. This is in contrast to the temporal filtering
mode and the global shuttering modes, where the opacity level of the optical filter 102
changes during one or more frame periods according to a filtering function.

[0058] In certain embodiments, the optical filter 102 can be operated in at
least three modes, e.g., the temporal filtering mode, the global shuttering mode, or the
neutral density filtering mode. In some embodiments, optical filter 102 can be operated in
at least one or two of the three modes. A user interface (not shown) can be provided to
allow a user to configure operation and modes of the optical filter 102. For instance, a
graphical user interface provided on the display (not shown) of the camera system 100a.
Alternatively, one or more knobs, buttons or other controls may be provided. Having
multiple modes of operation can be particularly useful in adapting to various shooting
conditions and in providing users with creative flexibility. For many scenes, a typical
rolling shutter can provide a “film-like” look to the recorded video, and may be
appropriate in many situations. In such cases, the user can inactivate the optical filter 102
(or operate in neutral density mode) to capture data using the native rolling shutter of the
image sensor 114.

[0059] The square shutter, global shuttering mode (abrupt closed/open/closed)
can be used where rolling shutter-induced motion artifacts are of particular concern, in
order to provide a relatively accurate representation of motion. Ior instance, the global
shutter mode can reduce striping or tearing artifacts from uncontrolled strobes or flashes,
reduce the so called “jello” effect, so that fast-moving subjects are not angled or sheared,
and can reduce blurring or wobbling due to rapid camera movements.

[0060] On the other hand, where there is a desire to reduce temporal aliasing
or other motion artifacts, while preserving a film-like look, the user can elect to put the
filter 102 in the soft-shutter, temporal filtering mode. The temporal filtering mode can

generally provide the following benefits, among others:
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¢ Allow for proper capture of the direction of rotation of cyclical motion, such

as a rotation propeller.

e Soften blur while preserving clarity.

e Reduce judder while panning.

¢ Render human movement relatively accurately and naturally.

e Reduce flickering without requiring continuous or synchronized lighting.

¢ Reduce striping or tearing artifacts from uncontrolled strobes and flashes.

e Reduce the “jello” effect.

¢ Reduce blurring and wobbling due to camera movement.

[0061] The user interface may provide a variety of different programming
options for the optical filter 102. For example, a mode selection option may be provided
to select between a neutral density filtering mode, a temporal filtering mode, and a global
shuttering mode. In some embodiments, a combined temporal filtering and neutral
density mode and a combined global shuttering and neutral density mode are also
provided. Each mode may have corresponding user selectable options. For example, the
optical filter can change the effective sensitivity to light (“effective ISO”) of the camera,
such as in the neutral density filtering mode where the effective ISO is reduced because
the optical filter 102 reduces light transmission to the image sensor 114. To provide the
user with a gauge as to the degree of this effect, the user interface can optionally display
an effective ISO for image data so as to enable a user to better understand the impact of
the opacity of the optical filter 102 on the image data in view of one or more other camera
settings. 'This user interface can provide both the effective ISO and the native ISO of the
image sensor 114. Moreover, the user interface can also allow the user to select a
particular desired effective ISO, using a graphical slider or other type of control. In some
embodiments, adjusting the effective ISO actually adjusts the cameras native [SO, not the
opacity of the optical filter 102, which may instead be controlled by adjusting the neutral
density stop value, for example. The user interface can additionally allow the user to
select a value for the native ISO directly, in addition to the indirect adjustment achieved
via selection of the desired effective ISO.

[0062] For the neutral density filtering mode, a user may be able to select an
effective stop value. In one embodiment, the user can interact with the user interface to

program the optical filter 102 to behave as a neutral density filter, and can select a stop
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value from 1.5 to 9.0 in 1/10 stop increments. In some embodiments, the neutral density
filter has stop values from 0.01 to 9.0 in 1/100, 1/10, or 1 stop increments (e.g., 0.01, 1.0,
1.43, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0). In particular embodiments, neutral density
filtering can be always active when the lens mount 106 is connected to the camera
housing 104 such the camera system 100a can operate in one of three select modes: (1)
the neutral density filtering mode, (2) the combined temporal filtering and neutral density
mode, and (3) the combined global shuttering and neutral density mode.

[0063] In some embodiments, the range of stop values for the camera system
100a can depend on the mode of operation. For example, when operating in the neutral
density mode and not the temporal filtering or global shuttering modes, the allowable
range of stop values for the optical filter 102 can be from 1.6 to 8.0 stops. On the other
hand, when operating in the temporal filtering or global shuttering modes, the allowable
range of stop values for the optical filter 102 can be from 1.6 to 4.0 stops.

[0064] For the temporal filtering and global shuttering modes, the interface
may allow the user to select a shutter angle for the optical filter 102. When operating in
the temporal filtering mode, the optical filter 102 may also behave as a neutral density
filter. In some embodiments, the user can select one of a group of temporal filtering
functions, each of which provide a different result (e.g., a different amount or quality of
aliasing reduction).

[0065] As discussed, a combined temporal filtering and neutral density mode
and a combined global shuttering and neutral density mode may also be provided. In such
cases, a user may also be able to select a stop value for the neutral density function,
similar to the stand-alone neutral density mode. In the combined temporal filtering and
neutral density mode, in one example, the general shape of the function applied to the
optical filter 102 may be similar to the exposure window function 1 shown in the plot 200
of Ilig. 2. TFor instance, the shape of the exposure window function may be Gaussian or
otherwise substantially symmetric about a peak that is reached substantially mid-way
through the frame period (or mid-way through a portion of the frame period
corresponding to a selected shutter angle for the temporal filtering function). However,
depending on the stop value, the average transparency (or opacity) of the optical filter 102
over the duration of the frame may change. For instance, referring to the plot 200 of Fig.
2, the exposure window function 1 or a portion thereof may be generally squashed or

shifted down with increasing stop values, or be otherwise adjusted to further reduce the

-19-



WO 2014/165698 PCT/US2014/032871

amount of light passing through the optical filter during the frame period. For example,
the exposure window function 1 can be generally reduced to become the exposure
window function 2 of the plot 200. Conversely, for instance, the exposure window
function 2 or a portion thereof may generally shift upwards with decreasing stop values,
or be otherwise adjusted to increase the average amount of light passing through the
optical filter during the frame period. For example, the exposure window function 2 can
be generally increased to become the exposure window function 1 of the plot 200.

[0066] In some cases, the optical filter 102 can pass light through the optical
filter 102 in a manner that results in an increase in the amount of infrared or other
contamination incident on the image sensor 114. Such cases can include when operating
the optical filter 102 in a neutral density filtering mode, when not operating the optical
filter 102 in the neutral density filtering mode but with a high neutral density, or when
operating the optical filter 102 in a temporal filtering mode or global shuttering mode. As
an example, the optical filter 102 may act in operation as an infrared pass filter that allows
a significant increase in the amount of infrared light to reach the image sensor 114. To
counteract such effects, the camera system 100a may include one or more filters (not
shown) placed in the optical path. The one or more filters can be an optical low pass filter
(OLPF), anti-aliasing filter, IR cut-off filter, or heat-absorbing filter, for example, and can
be considered one or more additional filters because the camera housing 104 may also
additionally include a different OLPF, and the additional filter is used to block additional
infrared or other contamination resulting from the use of the optical filter 102. In one
embodiment, the additional filter can include an optical coating or film adhered to or
otherwise deposited on one or more surfaces of the optical filter 102. For instance, where
the optical filter 102 is a liquid crystal display panel, an optical coating or film configured
to pass visible light but block infrared light may be applied to a glass cover or other
surface of the liquid crystal display panel (or be otherwise to appropriately applied to the
liquid crystal display panel). In other cases, an antireflection or other type of coating can
be applied instead of or in addition to the additional filter. In yet other cases, the
additional filter may comprise a physically separate panel or other optical component, not
adhered to or otherwise forming a part of the optical filter 102. In such cases, the
additional filter may be positioned at any appropriate point in the optical path.

[0067] Where filtering is not desired, the optical filter 102 can also be

selectively deactivated. For instance, where a liquid crystal is used, the liquid crystal can
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be controlled to exhibit a maximum level of transparency. However, in some cases, the
liquid crystal or optical filter 102 has some minimal level of opacity or other optical effect
that may be undesirable where filtering is not wanted. To address this, the optical filter
102 can be removed from the optical path in some cases. One such case is discussed
further with respect to Figs. SA-I.

[0068] As shown in IFig. 1A, the optical filter 102 can be incorporated into the
lens mount 106. Thus, users can enjoy the benefits of the optical filter 102 via standard
installation of the lens mount 106, and without having to attach a separate, dedicated
filtering component. Moreover, signals for controlling the optical filter 102 can be routed
along a communication pathway 117 directly from the camera housing 104 via the
interface 112, e.g., without the use of an external cabling or external camera ports. This
configuration provides seamless integration of the optical filter 102 into the system. In
addition, decoupling the optical filter 102 functionality from the camera housing 104
provides system modularity. For instance, existing customers can benefit from the use of
the optical filter 102 by purchasing a relatively inexpensive lens mount 106 having the
optical filter 102, without having to purchase a significantly more expensive camera
housing 104 that includes the optical filter 102. Similarly, as upgrades to the optical filter
102 become available, users can benefit from the upgrades by purchasing a new lens
mount 106 instead of a new camera housing 104. Other customers can opt to purchase a
lower cost system by purchasing a standard lens mount that does not include the optical
filter 102. The lens mount 106 incorporating the optical filter 102 and/or other
implementations of optical filters 102 described herein can be incorporated into modular
cameras such as the ones described in U.S. Patent No. 8,525,924, issued on September 3,
2013, and titled “MODULAR MOTION CAMERA”, the entirety of which is hereby
incorporated by reference herein.

[0069] In other cases, the optical filter 102 is incorporated into the camera
housing 104. For instance, Fig. 1B illustrates a camera system 100b similar to the camera
system 100a of Fiig. 1A where the optical filter 102 is provided within or is otherwise
supported by the camera housing 104. As a result, the lens mount 106 may also not
include the lens mount controller 118. This implementation can provide certain benefits.
For example, because optical filter 102 may be more tightly coupled to the controller 116

and other electronics within the camera housing 104, communication with the optical
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filter 102 for synchronization and other control purposes may be more reliable, and design
complexity may be reduced.

[0070] In some embodiments, multiple optical filters 102 can be employed.
For instance, in one embodiment, at least a second optical filter 102 is positioned after the
first optical filter 102 in the optical path. Each of the multiple optical filters 102 may of
the same type (e.g., liquid crystal panels), or different types can be used. Moreover, the
multiple optical filters 102 can provide different functions. Tor instance, in one
embodiment, one of the multiple optical filters 102 can be used to provide neutral density
filtering, and the another of the multiple optical filters 102 is used to provide temporal
filtering.

[0071] Iig. 9 illustrates a camera system 900 similar to the camera system
100a of Tig. 1 that incorporates multiple optical filters 102. The camera system 900
includes multiple image sensors 114 and corresponding lenses 108. One or more of the
multiple optical filters 102 can be included in the optical path between a corresponding
lens 108 and image sensor 114. In some cases, one or more of the optical filters 102 may
instead be positioned before the corresponding lens 108 in the optical path. The
combination of the image sensor 114 and a corresponding lens 108 may be referred to as

an imager.

Exposure Control Using Optical Filters

[0072] For conventional cameras, scene lighting changes are sometimes
accounted for by manual or automatic adjustment of aperture, shutter speed, or both to
maintain desired exposure. Such changes however, can alter the quality or character of a
shot in an undesirable manner, by altering depth of field, desired motion effect, or the
like. It can therefore be desirable to maintain constant or substantially constant certain
camera settings, such as aperture, shutter speed, depth of field, sensitivity (ISO), color
temperature, and the like, while maintaining an exposure at a desired level or within a
desired range. This can be particularly true in shooting environments where lighting
conditions often change dramatically, such as for outdoor exposures where clouds may
move over the sun.

[0073] In some embodiments, the optical filter 102 can be controlled so as to
control exposure, such as an exposure level associated with digital image data captured by

an image sensorl14. For example, the opacity of the optical filter 102 can be controlled
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so as to adjust the amount of light incident on the image sensor 114, thereby maintaining a
constant or substantially constant exposure level (or maintaining an exposure level within
a desired range). As shown, the optical filter 102 or other optical element can be
positioned along an optical path between a point outside of the camera body and the
image sensor 114.

[0074] A user can, according to some aspects, select an exposure value (or
exposure range), and the controller 116 can control the optical filter 102 to maintain or
substantially maintain the selected exposure value (or range). For instance, in some cases,
the opacity of the optical filter 102 is adjusted to control the amount of light incident on
the image sensor 114 instead of adjusting one or more of an aperture of the lens 108, a
shutter speed (e.g., a digital shutter speed of the image sensor 114 and/or a mechanical
shutter speed of the lens 108), and a light sensitivity of the image sensor 114 (e.g., ISO
sensitivity). Thus, using the optical filter 102 to maintain exposure can provide the
benefit of achieving desired exposure under changing lighting conditions, while also
maintaining certain camera settings at desired levels (e.g., a desired aperture, shutter
speed, light sensitivity, or color temperature).

[0075] In some cases, the image sensor 114 implements an electronic shutter,
e.g., via controlled sensor pixel activation and de-activation. Moreover, the camera
system 100a, 100b, or 900 can include a mechanical shutter instead of, or in addition to an
electronic shutter, positioned between a point outside the camera system 100a, 100b, or
900 and the image sensor 114 in the optical path.

[0076] The camera system 100a, 100b, or 900 can include an exposure
controller configured to adjust the exposure level at least partly by changing at least one
optical characteristic (e.g., opacity) of the optical filter 102. For instance, referring to Fig.
1A, the exposure controller can be implemented by one or more of the controller 116
within the camera housing 104 and the lens mount controller 118 within the lens mount
106.

[0077] The exposure controller can be configured to adjust the at least one
optical characteristic in response to changes in lighting conditions external to the camera
system 100a, 100b, or 900. For example, the exposure controller can adjust the optical
characteristic in response to changes in lighting conditions in the current field of view of
the camera system 100a, 100b, or 900. The adjustment can be in response to processing

of the image data captured by the image sensor 114, for example. In such cases, scene

23-



WO 2014/165698 PCT/US2014/032871

lighting changes can be determined based an analysis of the image data, and the exposure
controller adjusts the optical characteristic accordingly.

[0078] In some cases, the exposure controller controls the optical filter 102
based on an amount of light detected by the image sensor 114, e.g., based on an average
light value or some other appropriate algorithm. A variety of different exposure metering
techniques can be employed, including center-weighted average metering, spot metering
(e.g., where exposure control is based on an analysis of image data corresponding to an
area of between about 1%-5% or about 1%-10% of the image), partial area metering, (e.g.,
where exposure control is based on an analysis of image data corresponding to a partial
image area of between about 10-15% of the image), multi-zone metering, and matrix
metering, to name a few.

[0079] In one implementation, the exposure controller controls the optical
filter 102 based on an analysis of a pixel brightness histogram or exposure histogram. As
an example, the exposure controller may track the location(s) of one or more peaks in the
histogram (exposure values for which there are relatively high numbers of image sensor
pixels having those exposure values). In one embodiment, if the peak(s) move toward an
end of the histogram corresponding to darker exposure values, this is an indication that
objects in the image scene are becoming under exposed, and the exposure controller
adjusts the optical filter 102 (e.g., decreases opacity) to increase exposure. If, on the other
hand, the peak(s) move toward an end of the histogram corresponding to brighter
exposure values, this can be an indication that objects in the image scene are becoming
over exposed, and the exposure controller adjusts the optical element (e.g., increases
opacity) to decrease exposure.

[0080] In some implementations, the exposure controller is configured adjust
the at least one optical characteristic in response to changes in lighting conditions detected
by a second sensor that is separate than the image sensor 114. For instance, a second
image sensor or other type of sensor may be used, which in some cases can be dedicated
for use in detecting lighting conditions.

[0081] As indicated, it can be useful to control exposure using the optical filter
102 while holding one or more settings constant, substantially constant, or within a
particular range of values while adjusting the exposure. TFor example, the exposure
controller may modulate the optical filter 102 to control exposure while the camera

system 100a, 100b, or 900 maintains one or more other camera settings constant,
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substantially constant, or within a particular range. These other settings can include,
without limitation: the size of the lens aperture or other aperture-stop, an adjustable
shutter speed of the camera, adjustable sensitivity (e.g., [SO sensitivity value), a white
balance setting, and depth of field. For instance, depending on the embodiment, all of
these settings or any subset of them may be held constant, substantially constant, or within
a particular range while controlling exposure using the optical element. Depending on the
setting, the exposure controller can adjust the at least one optical characteristic in order to
maintain an exposure level at a desired level or within a desired range while maintaining
some or all of the settings within a desired range of plus or minus no more than about
0.5%, 1%, 1.5%, 2%, 3%, 4%, 5%, 10%, 20% or more of an initial or baseline value, for
example.

[0082] Moreover, while maintaining one or more of the above settings at a
desired level in this manner, the exposure controller can additionally adjust the at least
one optical characteristic (e.g., opacity of the optical filter 102) in order to maintain an
overall exposure level at a constant level, a substantially constant level, or within a
particular range. For instance, the exposure controller can adjust the at least one optical
characteristic in order to maintain an exposure level within a range of plus or minus no
more than about 0.5%, 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%, 40%, 50%, or more of an
initial or baseline (e.g., user selected) exposure level, for example. In some cases, the
exposure controller maintains the exposure level within plus or minus a particular (e.g.,
user selected) number of stops (e.g., 1, 2, 3, 4, or more stops) of an initial or baseline
(e.g., user selected) stop value.

[0083] Iig. 6 illustrates an exposure control process 600 performable by a
camera system, such as the camera system 100a or 100b. For convenience, the process
600 is described in the context of the camera system 100a but may instead be
implemented by other systems described herein or other camera systems not shown. The
process 600 provides one example approach by which the camera system 100a can control
exposure using the optical element filter 102 while holding one or more other settings
constant, substantially constant, or within a particular range of values.

[0084] At block 602, the controller 116 can receive a user input indicative of
exposure settings for the camera system 100a. The user input, for instance, can indicate
one or more of a desired exposure level, size of the lens aperture, an adjustable shutter

speed, adjustable sensitivity (e.g., ISO sensitivity value), a white balance setting, and
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depth of field. The controller 116 can receive the user input from a user interface (not
shown) incorporated in the camera housing 104.

[0085] At block 604, the controller 116 can identify exposure settings for the
camera system 100a to vary or keep constant based at least on the user input. For
example, the controller 116 can determine to maintain a desired size of the lens aperture
and shutter speed at a values or within ranges indicated by the user input, and the
controller 116 can determine that the adjustable sensitivity, the white balance setting, and
the depth of field may be varied.

[0086] At block 606, the controller 116 can determine a current exposure level
for light entering the camera housing 104. TFor instance, the controller 116 can use an
intensity of light detected by the image sensor 114 or another image sensor (e.g., a
dedicated exposure level sensor) to determine the current exposure level.

[0087] At block 608, the opacity of the optical filter 102 can at least be
adjusted by the controller 116 to control the exposure level. For example, the opacity of
the optical filter 102 can be adjusted so as to bring the current exposure level closer to a
desired exposure level indicated by the user input. The controller 116 can also adjust one
or more of the exposure settings indicated to be variable based at least on the user input to
control the exposure level. Moreover, at the same time, the controller 116 can maintain a
level of the one or more exposure settings indicated to be kept constant based at least on
the user input.

[0088] At block 610, the image sensor 114 can capture image data at the
adjusted current exposure level. At block 612, the controller 116 can determine whether
to continue image data capture using the image sensor 114. If the controller 116
determines to continue image data capture, the process 600 moves to block 606, and the
controller 116 can determine the current exposure level for light entering the camera
housing 104. On the other hand, if the controller 116 determines not to continue image

data capture, the process 600 ends.

Image Data Processing Approaches

[0089] When using the optical filter 102, the image processor 119 process the
image data generated by the image sensor 114 to account for certain optical effects caused
by the optical filter 102. For instance, light passing through the optical filter 102 in some

cases is color shifted. The optical filter 102 can include a liquid crystal panel that can
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pass more blue light than other colors of light as the opacity of the optical filter 102
increases. This effect may occur when the optical filter 102 is operating in the neutral
density mode, for example, and relative amount of blue shift may generally increase with
an increasing neutral density filtering stop value. Thus, the sensor can generate image
data during capture that is biased towards blue such that blue values of the image data can
be relatively higher than values for other colors of the image data. Depending on the type
of the optical filter 102 used, other types of color shifting may occur (e.g., a shift in red,
green, a shift in two colors, etc.). As another example, the white point of light passing
through the optical filter 102 may shift, e.g., when the optical filter 102 is operating in a
temporal filtering mode.

[0090] The image processor 119 can modify the image data from the image
sensor 114 in order to counteract or otherwise reduce the impact of such optical effects
caused by the optical filter 102. The degree and type of modification can depend on a
configuration (e.g., one or more settings) of the optical filter 102. For instance, in order to
address the color shifting effect, the image processor 119 may reduce image data values
for an appropriate color(s) (e.g., for blue image data) according to a pre-determined
function. The function can be selected based on a selected neutral density stop value. For
instance, since higher stop values can result in more color shift, a higher degree of
reduction may be applied (e.g., to the blue color data) for increasing stop values in one
implementations.

[0091] In some cases, the image processor 119 can adjust for a color shift or
other effect resulting from use of the optical filter 102, such as a shift towards blue
resulting from use of the optical filter 102 in a neutral density filtering mode, by applying
an appropriate matrix operation to the image data from the image sensor 114. For
instance, a colorimetry calibration involving application of a matrix may be applied to the
image data. The colorimetry calibration can involve application of a white balance
operation on the image data along with an RGB or other type of gain. The colorimetry
calibration, according to certain aspects, takes the image data from native values to XYZ,
and can provide a calibration so that the white balance correlated color temperature in
kelvin and tint (for colors above or below the Plankian locus) can be accurate. Moreover,
the colorimetry calibration can be different for different neutral density stop values, such
as for each integer stop value. The calibration process can involve concatenating a matrix

tailored to account for the effects of the optical filtering with the standard calibration of
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the camera system 100a, or can otherwise involve applying such a matrix together with
the standard camera calibration. In this manner, the colorimetry calibration that
compensates for the optical filtering (e.g., neutral density filtering) and the standard
camera color calibration can be applied together as a system. This is in contrast to
applying a matrix to account for the neutral density or other optical filtering separately
from the applying standard camera colorimetry calibration. In some other cases, a matrix
tailored to account for the neutral density or other optical filtering is applied separately
from the standard camera colorimetry calibration.

[0092] The amount of data utilized to perform the colorimetry calibration can
be advantageously reduced in certain implementations. In one example, in-between
values can be interpolated. Alternatively or additionally, in another example, offsets into
a neutral density table of calibrations can be used for the colorimetry calibration to
account for the impact of individual shutter modes including temporal filtering and global
shuttering modes. Tor the temporal filtering mode, an offset increase of 0.67 stops
relative to a neutral density associated with the temporal filtering mode can be used for
the colorimetry calibration; while for the global shuttering mode, an offset increase of
0.00 stops relative to a neutral density associated with the global shuttering mode can be
used for the colorimetry calibration. In other examples, different offset increases can be
used.

[0093] The above-described approaches involving application of the matrix,
e.g., to account for color shifting or other effects due to neutral density filtering can
provide beneficial results. For example, such a technique can result in images having
more accurate color over a range of neutral density stop values. In alternative
embodiments, a gain may be applied to the image data instead of or in addition to
applying a matrix. For instance, an RGB gain or balance may be applied by the image
processor 119 to the image data when the optical filter 102 is in use.

[0094] To address the white point shift described above, the image processor
119 can vary the modification function applied to the image data depending on a shutter
angle associated with the temporal filter function or a shutter angle (or effective shutter
angle) associated with the image sensor 114. The modification function can generally act
to return the image data for one or more of the colors (e.g., for red, green and blue image

data) back to a desired white point.
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[0095] In some cases, the image processor 119 can be configured to counteract
multiple different types of optical effects caused by the optical filter 102. For instance,
the optical filter 102 in some cases can cause both a color shift (e.g., a blue shift) and a
white point shift, such as where the optical filter 102 provides both an effective neutral
density function and a temporal filtering function. The image processor 119 can be
configured in such cases to modify image data values to counteract both the color shift
and the white point shift. In some embodiments, the image processor 119 can beneficially
apply a function for counteracting the white point shift before applying a function for
counteracting the color shift.

[0096] The image processor 119 can generally modify the image data values
as part of the image processing pipeline, before the image data is written out to a file, e.g.,
before it is written out into a file on the memory 113 within the camera housing 104, or to
some other storage device. In some alternative embodiments, the processing occurs
additionally or alternatively in post-processing. In certain embodiments, the camera
system 100a may incorporate image processing functionality such as compressed raw on-
board image data handling disclosed in U.S. Patent No. 8,237,830, issued on August 7,
2012, titled “VIDEO CAMERA,” the entirety of which is hereby incorporated by
reference herein.

[0097] Iiig. 7 illustrates an image data modification process 700 performable
by a camera system, such as the camera system 100a or 100b. For convenience, the
process 700 is described in the context of the camera system 100a but may instead be
implemented by other systems described herein or other camera systems not shown. The
process 700 provides one example approach by which the camera system 100a can
counteract one or more different types of optical effects caused by the optical filter 102 on
image data captured by the image sensor 114.

[0098] At block 702, the controller 116 can identify operation settings for the
optical filter 102. TFor example, the controller 116 can identify a neutral density setting
(e.g., a neutral density stop value) or an operating mode (e.g., a temporal filtering or
global shuttering modes) for the optical filter 102. The operation settings may have been
set based at least on a user input received by the controller 116 from a user interface (not
shown).

[0099] At block 704, the controller 116 can adjust the opacity of the optical

filter 102 in accordance with the operation settings for the optical filter 102. For instance,
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if the operation settings indicate that the optical filter 102 should have a neutral density
stop value of 2.5, the controller 116 can supply a signal to the optical filter 102 to cause
the optical filter 102 to provide the neutral density stop value of 2.5. In another example,
if the operation settings indicate that the optical filter 102 should operate in a temporal
filtering mode, the controller 116 can supply a signal to the optical filter 102 that causes
the optical filter 102 to generate an exposure window function to provide a temporal
filtering functionality.

[0100] At block 706, the image sensor 114 can capture image data. At block
708, the image processor 119 can modify values of the image data based at least on the
operation settings for the optical filter 102. TFor example, the image processor 119 can
modify the values based at least on the neutral density setting or operating mode for the
optical filter 102. As a result, the image processor 119 can counteract one or more optical
effects on the image data that are associated with the particular operation settings for the

optical filter 102.

Camera System Schematics

[0101] Iig. 3 shows a camera system 300 that includes a lens mount 106
having an integrated optical filter 102, a lens 108, and a camera housing 104. The camera
system 300 can be an example implementation of the camera system 100a of Fig. 1A.
The camera housing 104 has a housing aperture. The optical filter 102 can include an
electronically-controlled panel, such as a liquid crystal panel. Figs 4A-B respectively
illustrate front and back perspective exploded views of the lens mount 106 of Fig. 3.
Referring to Fig. 4A, the lens mount 106 includes the optical filter 102, an electronics
board 130, lens mounting components 132, an electrical connector 134, and camera
mounting components 136.

[0102] The lens mounting components 132 generally work together to provide
a mechanism for fastening the lens 108 to the lens mount 106, while the camera mounting
components 132 provide mechanism for mounting the lens mount 106 to the camera
housing 104.

[0103] The electronics board 130 includes electronics for controlling operation
of the lens mount 106, the lens 108, and the optical filter 102. For instance, the
electronics board 130 may include one or more application-specific integrated circuits

(ASICs), field-programmable gate arrays (FPGAs), microprocessors, analog circuitry,
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and/or other custom circuitry, and the like. The electronics board 130 may comprise a
printed circuit board, for example.

[0104] The electrical connector 134 electronically couples the camera housing
104 to one or more of the lens mount 106 (e.g., to the electronics board 130 of the lens
mount 106) and the lens 108 in certain embodiments. TIiig. 3 shows the electrical
connector 134 installed in an assembled lens mount 106.

[0105] The optical filter 102 in the illustrated embodiment includes a
rectangular, electronically-controllable, variable-opacity liquid crystal panel. A
rectangular frame 142 holds the panel and defines a window (e.g., a hollow) for allowing
the passage of light. A first set of contact strips 138 connect the optical filter 102 to the
rear of one of the lens mounting components 132, while a second set of contact strips 140
connects the frame 140 to the electronics board 130. The first set of contact strips 138,
the second set of contact strips 140, and the frame 142 are electrically conductive in one
embodiment. Thus, drive signals from the electronics board 130 can be communicated to
the liquid crystal panel via a signal path that is established from the electronics board 130
to the second set of contact strips 140, to the frame 142, to the first contact strips 138, and
finally to electrodes on the periphery of the liquid crystal panel102.

[0106] Referring again to IFig. 4A, one or more of the components in the lens
mount 106 generally can define an optical path through which light passes to an image
sensor. For instance, in the illustrated embodiment, each of the rear component of the
lens mounting components 132, the optical filter 102, the frame 142, the electronics board
130, and the camera mount components 136 define substantially rectangular windows
through which light can travel to the image sensor.

[0107] The optical filter 102 can have a certain index of refraction, and
insertion of the optical filter 102 can therefore change the overall focal length of a camera
system. In particular, this can alter the optical distance from an image sensor plane to the
back of the lens 108. In order to compensate for this effect, the overall length of the lens
mount 106 can be increased as compared to a lens mount 106 not having the optical filter
102. For instance, in one embodiment, the optical filter 102 includes a liquid crystal, and
the length of the lens mount 106 can be greater by 0.898 millimeters as compared to a
lens mount 106 not incorporating the optical filter 102 to compensate for the change in

focal length due to the optical filter 102.
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Position Control for Optical Filters

[0108] As discussed, it can be advantageous to move the optical filter 102 out
of the optical path when not in use. Figs. SA-I illustrates an embodiment of a mechanism
for achieving this. The mechanism includes an optical filter 102, a substitute optical
element 152, and a pivot point 154. Figs. SA-I illustrate a front, simplified view, looking
at the mechanism from in front of the camera, where an image sensor may lie behind the
mechanism.

[0109] The substitute optical element 154 can be made of a transmissive
material (e.g., a glass panel) and can generally have the same shape and form factor as the
optical filter 102. As discussed above, the optical filter 102 has a particular index of
refraction, which affects the overall focal length of the camera system. Thus, removal of
the optical filter 102 from the optical path will change the overall focal length of the
camera system. In order to address this, the substitute optical element 154 can have the
same or a substantially similar index of refraction as the optical filter 102. In this manner,
the overall focal length of the camera system can remain constant or substantially
constant, regardless of whether the optical filter 102 is in the optical path. In some other
embodiments, a substitute optical element 154 is not used.

[0110] The mechanism can be included in a lens mount, for example, and the
dashed lines 150 can represent the perimeter of the lens mount. For instance, the
mechanism could be included in a lens mount, such as the lens mounts 106 of Figs. 1A, 3,
and 4A-B. In other embodiments, the mechanism may be provided in another location,
such as within a camera housing.

[0111] Iigs. 5A-F sequentially illustrate movement of the substitute optical
element 152 into the optical path, and the optical filter 102 out of the optical path. For
instance, Figs. SA-C show rotation of the substitute optical element 152 about the pivot
point 154 and into the optical path, and Figs. SD-IF show rotation of the optical filter 102
out of the optical path. As shown, the substitute optical element 152 and the optical filter
102 can generally swap positions in the illustrated embodiment, which can minimize the
real estate and foot print required to house the mechanism.

[0112] While the movement of the substitute optical element 152 and the
optical filter 102 is shown as two separate steps for the purposes of illustration, the
movement of the substitute optical element 152 and optical filter 102 may occur

simultaneously, or may at least partially overlap in time. Moreover, while not shown,
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when use of the optical filter 102 is desired, a similar process may be used to move the
substitute optical element 152 back out of the optical path and to move the optical filter
102 back into the optical path. Or, the process shown in Figs. SA-I' may be reversed to
achieve this result, for example.

[0113] Actuation of the mechanism is achieved via a mechanical control in
certain embodiments. For instance, a lever or knob mechanically coupled to the
mechanism can be provided on the outside of the lens mount, camera body, or other
component housing the mechanism. Actuation of the lever or knob results in movement
of the optical filter 102 into and out of the optical path, as desired. In other embodiments,
actuation of the mechanism is at least partially electronically or magnetically controlled,
and can be 1nitiated via user interaction with a GUI, button, or other camera control.

[0114] As shown, the optical filter 102 can be connected to a controller, which
may be the lens mount controller 118 described above with respect to Fig. 1A, for
example, and may include drive electronics for driving the optical filter 102. An
electronic connector connects the lens mount controller 118 to the optical filter 102. The
electronic connector can have at least one flexible portion. The electronic connector in
some embodiments includes at least two electrical conductors, both of which are
connected to both the lens mount controller 118 at one end and to the variable opacity
optical filter 102 at the other end.

[0115] As shown in Figs. 5C-F, because the connector can be flexible, it can
bend or otherwise accommodate movement of the optical filter 102 into and out of the
optical path. In some cases, it can be undesirable for components to move within the
optical path of the system, e.g., to avoid contaminating the image sensor or to minimize
disruption in image capture. As such, the connector can be arranged such that no portion
of connector passes through the optical path as the variable opacity optical filter 102
moves into and out of the optical path. This is shown in Fig. 5C-I. To keep the
connector out of the optical path when returning the optical filter 102 into the optical path,
the mechanism can move the optical filter 102 out of the optical path by substantially
reversing the movement shown in Figs. 5C-I.

[0116] Other mechanisms are possible for managing electrical connectivity
when the optical filter 102 is moved in and out of the optical path. For instance, instead
of using a flexible connector, the optical filter 102 may move out of electrical and/or

physical contact with control electronics when moved out of the optical path. As an
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example, referring to I'igs. 4A-B, the optical filter 102 can include a liquid crystal panel
and be in communication with the electronics board 130 via the signal path established by
the contacts 140, 138 and conducting frame 142. The liquid crystal panel 102may be
substantially irremovably coupled to one or more of the first set of contacts 138, the
conducting frame 142, and the second set of contacts 140. When the optical filter 102 is
moved out of the optical path, any components that are irremovably coupled to the optical
filter 102 move along with the optical filter 102, out of the optical path. As such, the
optical filter 102 and irremovably coupled components are temporarily electrically and
physically decoupled from the electronics board 130 when it is out of the optical path.
Conversely, when the optical filter 102 and any irremovably coupled components move
back into the optical path, connectivity is re-established, e.g., via a friction fit.

[0117] In some other embodiments, two, three, four or more optical filters 102
(e.g., two or more liquid crystal display panels) can be used. In some such cases, at least
one of the optical filters 102 can operate in a temporal mode simultaneously with at least
another optical filter 102 operating in a neutral density mode or global shuttering mode,
etc.

[0118] Ilig. 8 illustrates an optical filter positioning process 800 performable
by a camera system, such as the camera system 100a or 100b. For convenience, the
process 800 is described in the context of the camera system 100a and the mechanism of
Iigs. 5SA-I but may instead be implemented by other systems described herein or other
camera systems not shown. The process 800 provides one example approach by which
the camera system 100a can move the optical filter 102 into and out of the optical path of
the image sensor 114, in conjunction with moving a substitute optical element into and
out of the optical path.

[0119] At block 802, the controller 116 can receive an instruction to change
the position of the optical filter 102. The instruction may be received by the controller
116 from a user interface (not shown), and the instruction can signify to move the optical
filter 102 into the optical path of light entering the image sensor or to remove the optical
filter 102 from the optical path.

[0120] At block 804, the controller 116 can adjust the position of the
substitute element. For example, the controller 116 can provide a signal to the lens mount
controller 118 to cause the substitute element to be moved or removed from the optical

path in accordance with the instruction. In one implementation, during normal operation

-34-



WO 2014/165698 PCT/US2014/032871

of the camera system 100a, the substitute element and optical filter 102 may be positioned
opposite from one another as illustrated in Figs. SA and 5F. However, after the operation
at block 804, the substitute element and optical filter 102 can be temporarily aligned with
one another in or out of the optical path.

[0121] At block 806, the controller 116 can adjust the position of the optical
filter 102. The controller 116 can, for instance, provide a signal to the lens mount
controller 118 to cause the optical filter 102 to be moved or removed from the optical path
in accordance with the instruction. After the operation at block 806, the substitute
element and optical filter 102 may again be not aligned with one another in or out of the
optical path.

[0122] At block 808, the controller 116 can output an indication of the
position of the optical filter 102 for display to a user of the camera system 100a. TFor
example, since the movement or position of the optical filter 102 and substitute element
may not be readily visible to the user, the controller 116 can output an indication of the
position of the optical filter 102 for display on the user interface used to receive the

instruction.

Terminology and Other Variations

[0123] The preceding examples can be repeated with similar success by
substituting generically or specifically described operating conditions of this disclosure
for those used in the preceding examples.

[0124] Although the disclosure has been described in detail with particular
reference to these preferred embodiments, other embodiments can achieve the same
results. Variations and modifications of the present disclosure will be obvious to those
skilled in the art and it is intended to cover all such modifications and equivalents.

[0125] Embodiments have been described in connection with the
accompanying drawings. However, it should be understood that the figures are not drawn
to scale. Distances, angles, etc. are merely illustrative and do not necessarily bear an
exact relationship to actual dimensions and layout of the devices illustrated. In addition,
the foregoing embodiments have been described at a level of detail to allow one of
ordinary skill in the art to make and use the devices, systems, etc. described herein. A
wide variety of variation is possible. Components, elements, and/or steps can be altered,

added, removed, or rearranged. While certain embodiments have been explicitly
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described, other embodiments will become apparent to those of ordinary skill in the art
based on this disclosure.

k-

[0126] Conditional language used herein, such as, among others, “can,

kA1 kA1)

“could,” “might,” “may,” ‘“e.g.,

k4

and the like, unless specifically stated otherwise, or
otherwise understood within the context as used, is generally intended to convey that
certain embodiments include, while other embodiments do not include, certain features,
elements and/or states. Thus, such conditional language is not generally intended to
imply that features, elements and/or states are in any way required for one or more
embodiments or that one or more embodiments necessarily include logic for deciding,
with or without author input or prompting, whether these features, elements and/or states
are included or are to be performed in any particular embodiment. The terms
“comprising,” “including,” ‘“having,” and the like are synonymous and are used
inclusively, in an open-ended fashion, and do not exclude additional elements, features,
acts, operations, and so forth. Also, the term “or” is used in its inclusive sense (and not in
its exclusive sense) so that when used, for example, to connect a list of elements, the term
“or” means one, some, or all of the elements in the list. Conjunctive language such as the
phrase ““at least one of X, Y and Z,” unless specifically stated otherwise, is otherwise
understood with the context as used in general to convey that an item, term, etc. may be
either X, Y or Z. Thus, such conjunctive language is not generally intended to imply that
certain embodiments require at least one of X, at least one of Y and at least one of Z to
each be present.

[0127] Depending on the embodiment, certain acts, events, or functions of any
of the methods described herein can be performed in a different sequence, can be added,
merged, or left out altogether (e.g., not all described acts or events are necessary for the
practice of the method). Moreover, in certain embodiments, acts or events can be
performed concurrently, e.g., through multi-threaded processing, interrupt processing, or
multiple processors or processor cores, rather than sequentially. In some embodiments,
the algorithms disclosed herein can be implemented as routines stored in a memory
device. Additionally, a processor can be configured to execute the routines. In some
embodiments, custom circuitry may be used.

[0128] The various illustrative logical blocks, modules, circuits, and algorithm
steps described in connection with the embodiments disclosed herein can be implemented

as electronic hardware, computer software, or combinations of both. To clearly illustrate
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this interchangeability of hardware and software, various illustrative components, blocks,
modules, circuits, and steps have been described above generally in terms of their
functionality. Whether such functionality is implemented as hardware or software
depends upon the particular application and design constraints imposed on the overall
system. 'The described functionality can be implemented in varying ways for each
particular application, but such implementation decisions should not be interpreted as
causing a departure from the scope of the disclosure.

[0129] The various illustrative logical blocks, modules, and circuits described
in connection with the embodiments disclosed herein can be implemented or performed
with a general purpose processor, a digital signal processor (DSP), an application specific
integrated circuit (ASIC), a field programmable gate array (FPGA) or other programmable
logic device, discrete gate or transistor logic, discrete hardware components, or any
combination thereof designed to perform the functions described herein. A general
purpose processor can be a microprocessor, but in the alternative, the processor can be
any conventional processor, controller, microcontroller, or state machine. A processor
can also be implemented as a combination of computing devices, e.g., a combination of a
DSP and a microprocessor, a plurality of microprocessors, one or more microprocessors
in conjunction with a DSP core, or any other such configuration.

[0130] The blocks of the methods and algorithms described in connection with
the embodiments disclosed herein can be embodied directly in hardware, in a software
module executed by a processor, or in a combination of the two. A software module can
reside in RAM memory, flash memory, ROM memory, EPROM memory, EEPROM
memory, registers, a hard disk, a removable disk, a CD-ROM, or any other form of
computer-readable storage medium known in the art. An exemplary storage medium is
coupled to a processor such that the processor can read information from, and write
information to, the storage medium. In the alternative, the storage medium can be integral
to the processor. 'The processor and the storage medium can reside in an ASIC. The
ASIC can reside in a user terminal. In the alternative, the processor and the storage
medium can reside as discrete components in a user terminal.

[0131] While the above detailed description has shown, described, and pointed
out novel features as applied to various embodiments, it will be understood that various
omissions, substitutions, and changes in the form and details of the devices or algorithms

illustrated can be made without departing from the spirit of the disclosure. As will be
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recognized, certain embodiments of the inventions described herein can be embodied
within a form that does not provide all of the features and benefits set forth herein, as
some features can be used or practiced separately from others. The scope of certain
inventions disclosed herein is indicated by the appended claims rather than by the
foregoing description. All changes which come within the meaning and range of

equivalency of the claims are to be embraced within their scope.
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WHAT IS CLAIMED IS:

1. A camera, comprising:
a camera housing;
an image sensor within the camera housing and configured to convert light
entering the camera housing into digital image data, the light passing through a
variable opacity optical filter situated in the optical path prior to arriving at the
image sensor; and
a processor in communication with the image sensor and configured to:
identify operation settings for the optical filter,
generate control information that causes an opacity level of the
optical filter to adjust over an exposure period in accordance with the
operation settings for the optical filter, and
modify values of the digital image data based at least on the
operation settings for the optical filter.

2. The camera of claim 1, wherein when the operation settings for the optical
filter indicate a temporal filtering mode, the processor is configured to generate the
control information that causes the opacity level of the optical filter to adjust over the
exposure period from a first opacity level to a second opacity level and back to the first
opacity level, wherein the opacity level transitions through a plurality of intermediate
opacity levels when adjusting between the first opacity level and the second opacity level
and when adjusting between the second opacity level and the first opacity level.

3. The camera of claim 1, wherein the operation settings for the optical filter
include a neutral density setting, and the processor is configured to maintain the opacity
level of the optical filter over the exposure period at an opacity level corresponding to the
neutral density setting.

4. The camera of claim 1, wherein the processor is configured to modify the
values of the digital image data by applying a matrix to the digital image data to at least
counteract an effect of the optical filter on the digital image data.

5. The camera of claim 4, wherein the processor is configured to modify the
values of the digital image data by applying the matrix to the digital image data to at least
perform colorimetry calibration associated with one or more components other than the

optical filter.
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6. The camera of claim 1, wherein the digital image data comprises first,
second, and third colors, and the processor is configured to modify values for the first
color based at least on the operation settings for the optical filter.

7. The camera of claim 6, wherein the first color comprises blue image data.

8. The camera of claim 6, wherein the processor is configured to modify the
values of the first color by reducing the values for the first color a greater amount when an
opacity level of the optical filter is at a first level than when the opacity level of the
optical filter is at a second level different from the first level.

9. The camera of claim 1, wherein the processor is configured to modify the
values of the digital image data so as to counteract a color shift caused by the optical
filter.

10. The camera of claim 1, wherein the processor is configured to modify the
values of the digital image data so as to counteract a white point shift in the digital image
data caused by the optical filter.

11. The camera of claim 1, wherein the processor is configured to modify the
values of the digital image data in accordance with a first function to counteract a white
point shift in the digital image data caused by the optical filter and in accordance with a
second function to counteract a color shift caused by the optical filter, and the processor is
configured to modify the values of the digital image data in accordance with the first
function before modifying the values of the digital image data in accordance with the
second function.

12. The camera of claim 1, wherein the processor is configured to modify the
digital image data by reducing the values of the digital image data a greater amount when
the operation settings for the optical filter indicate a temporal filtering mode than when
the operation settings for the optical filter indicate a global shuttering mode.

13. The camera of claim 1, wherein the optical filter is a part of a lens mount
releasably connected to the camera housing.

14. The camera of claim 1, wherein when the operation settings for the optical
filter indicate a temporal filtering mode, the processor is configured to modify the values
of the digital image data based at least on a shutter angle associated with the optical filter.

15. The camera of claim 1, wherein the processor is configured to set the

operation settings for the optical filter at least in part according to a user input.
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16. The camera of claim 1, wherein the optical filter is included in a lens
mount removably attached to the camera housing.

17. The camera of claim 1, further comprising the optical filter, which is
contained within the camera housing.

18. The camera of claim 1, wherein the optical filter comprises a liquid crystal
panel.

19. The camera of claim 1, wherein the processor is configured to generate the
control information so as to operate the optical filter in at least three different modes
corresponding to:

a temporal filtering mode in which the optical filter gradually increases its
transmissivity to a first level, and subsequently gradually decreases the
transmissivity from the first level before the end of the exposure period,;

a global shutter mode wherein the optical filter (a) maintains a first level of
transmissivity, (b) abruptly increases transmissivity from the first level to a second
level, (c¢) maintains the second level of transmissivity, and (d) abruptly decreases
transmissivity from the second level; and

a neutral density mode wherein the opacity is maintained at a constant
value over the exposure period.

20. A method of operating a camera, comprising:

identifying operation settings for an optical filter having a variable opacity;

adjusting, with a processor, an opacity level of the optical filter over an
exposure period in accordance with the operation settings for the optical filter;

converting, with an image sensor within a camera housing, light entering
the camera housing into digital image data, the light passing through the optical
filter prior to arriving at the image sensor; and

modifying values of the digital image data based at least on the operation
settings for the optical filter.

21. The method of claim 20, wherein the operation settings for the optical
filter include a neutral density setting, and further comprising maintaining an opacity level
of the optical filter over the exposure period at a level that corresponds to the neutral

density setting.
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22. The method of claim 20, wherein said modifying comprises applying a
matrix to the digital image data to at least counteract an effect of the optical filter on the
digital image data.

23. The method of claim 20, wherein said modifying comprises modifying the
digital image data in accordance with a first function to counteract a white point shift in
the digital image data caused by the optical filter before modifying the digital image data
in accordance with a second function to counteract a color shift caused by the optical
filter.

24, The method of claim 20, wherein said modifying comprises reducing the
values of the digital image data a greater amount when the operation settings for the
optical filter indicate a temporal filtering mode than when the operation settings for the
optical filter indicate a global shuttering mode.

25. A camera, comprising:

a camera housing;
an image sensor within the camera housing and configured to convert light
entering the camera housing into digital motion picture image data, the light
passing through a variable opacity optical filter situated in the optical path prior to
arriving at the image sensor; and
a processor in communication with the image sensor and configured to:
receive an indication of a user-selected operational mode for the
optical filter, the operational mode selected from at least two available
operational modes including a temporal filtering mode and a global shutter
mode;
for each image frame of a plurality of image frames represented by
the digital motion picture image data, over an exposure period
corresponding to at least a portion of a frame period corresponding to the
image frame:
if the user-selected operational mode is the temporal
filtering mode, generate control information that causes the optical
filter to gradually increase its transmissivity to a first level, and to
subsequently gradually decrease the transmissivity from the first

level before the end of the exposure period; and
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if the user-selected operational mode is the global shutter
mode, generate control information that causes the optical filter to:
(a) maintain a first level of transmissivity; (b) abruptly increase
transmissivity from the first level to a second level; (c) maintain the
second level of transmissivity; and (d) abruptly decrease
transmissivity from the second level.

26. The camera of claim 25, wherein the at least two operational modes further
includes a neutral density mode, where the processor is further configured, if the user-
selected operational mode is the neutral density mode, to maintain a substantially constant
level of transmissivity over the exposure period.

27. A lens mount, comprising:

a camera interface disposed on a camera side of the lens mount and
configured to releasably attach to a corresponding interface on a camera body;

a lens interface disposed on a lens side of the lens mount and configured to
releasably accept a lens;

an opening extending through the lens mount from the lens side to the
camera side along an optical path;

a variable opacity optical panel situated in the optical path such that light
passing through the opening is incident on the optical panel; and

electronics configured to adjust the opacity of the optical panel in response

to control information received via the camera interface.
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