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(57) Abréegée/Abstract:

A video projector device includes a visible light projector to project an image on a surface or object, and a visible light sensor, which
can be used to obtain depth data regarding the object using a time-of-flight principle. The sensor can be a charge-coupled device
which obtains color images as well as obtaining depth data. The projected light can be provided In successive frames. A frame can
Include a gated sub-frame of pulsed light followed by continuous light, while the sensor Is gated, to obtain time of flight data, an
ungated sub-frame of pulsed light followed by continuous light, while the sensor Is ungated, to obtain reflectivity data and a
background sub-frame of no light followed by continuous light, while the sensor Is gated, to determine a level of background light. A
color sub-frame projects continuous light, while the sensor Is active.
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(57) Abstract: A video projector device includes a visible light projector to project an 1image on a surface or object, and a visible
light sensor, which can be used to obtain depth data regarding the object using a time-of-flight principle. The sensor can be a
charge-coupled device which obtains color images as well as obtaining depth data. The projected light can be provided 1n succes-
sive frames. A frame can include a gated sub-frame of pulsed light followed by continuous light, while the sensor is gated, to ob-
tain time of flight data, an ungated sub-frame of pulsed light followed by continuous light, while the sensor 1s ungated, to obtain
round sub-frame of no light followed by continuous light, while the sensor i1s gated, to determine a
level of background light. A color sub-frame projects continuous light, while the sensor 1s active.
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INTEGRATED LOW POWER DEPTH CAMERA AND PROJECTION DEVICE
BACKGROUND
[0001] A real-time depth camera 15 able to determine the distance to a human or other
object 1n a field of view of the camera, and to update the distance substantially 1n real time
based on a frame rate of the camera. Such a depth camera can be used 1n a motion capture
systems, for instance, to obtain data regarding the location and movement of a human
body or other subject 1n a physical space, and can use the data as an input to an application
in a computing system. Many applications are possible, such as for military,
entertainment, sports and medical purposes. A depth camera typically includes an infrared
illuminator which illuminates the field of view, and one or more infrared 1image sensors
which sense reflected light from the field of view to form an 1image. Morcover, the depth
camera can be provided as part of a gaming console which communicates with a display
device such as a television 1n a user's home. However, various challenges exist 1n
adapting depth camera technology for portable or other small form factor devices such a
video projector devices. These challenges include power and space limitations.
SUMMARY

[0002] A video projector device 1s provided which achieves the goals of compact size
and reduced power consumption and cost. A backlight of the video projector device 1s
modulated to create light pulses that can be detected by a wvisible light camera and
transformed 1nto distance/depth data regarding a field of view. This kind of modulation
does not noticeably affect the image quality of the projected light and can be embodied 1n
a varicty of mobile or non-mobile devices which are used for various applications which
run on the device or on a host connected to the device.

[0003] In one embodiment, a video projector device includes a light source, such as
the backlight of a projector, which emits visible light. In a projector portion of the video
projector device, a driver 1s provided which modulates the visible light emitted from the
light source. Also, one or more light-transmissive LCD panels which have individually
controllable pixels can be provided to impart color video information to the visible light
from the light source. At least one optical component 1s provided which projects the color
coded visible light 1in a field of view. For instance, one or more lenses can be used. In a
sensor portion of the video projector device, one or more sensors such as charge-coupled
devices (CCDs) are provided which sense visible light, including visible light which 1s
reflected from at least one object 1n the field of view, where the sensor comprises an array

of pixels. Advantageously, the sensor can be a conventional CCD of the type which 1s
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used in digital cameras. At least one control circuit 1s provided which projects video tframes.

A frame can include a gated sub-frame in which the light source is driven in a pulsed mode while
the sensor 1s operated in a gated mode, tfollowed by the light source being driven in a continuous
mode while the sensor 1s read to obtain light intensity values. The at least one control circuit
obtains depth data regarding the at least one object in the field of view based on the light intensity
values, using a time-of-flight principle. The depth data can be provided in the form of a depth map

of the field of view, for instance.

[0003a] According to one aspect of the present invention, there 1s provided a video
projector device, co'mprising: a light source; a driver which drives the light source; an optical
component which projects visible light from the light source in a field of view; a sensor which
senses visible light, the sensor comprises a plurality of pixels; and at least one control circuit
associated with the driver and the sensor, the at least one control circuit: to project a frame of
pixel data on an object in a frame period, divides the frame period into multiple sub-frames
including a gated sub-frame, and causes the video projector device to operate in a projection and
sensing mode followed by a projection-only mode, without sensing, during the gated sub-trame, to
prdvide the projection and sensing mode: causes the driver to drive the light source 1n a pulsed
mode in which the light source emits pulses of visible light while causing the sensor to operate in
a gated mode so that the plurality of pixels integrate charge from reflections of the pulses of
visible light from the object, to provide the projection-only mode, without sensing: causes the
driver to drive the light source in a continuous mode in which the light source emits continuous
visible light while reading out an integrated charge from the plurality of pixels to obtain light
intensity values, and derives depth data regarding the object in the field of view based on the light
intensity values, using a time-ot-flight principle.

[0003b] According to another aspect of the present invention, there is provided a video
projector device, comprising: a light source; a driver which drives the light source; an optical
component which projects visible light from the light source 1n a tield of view; a sensor which
senses visible light, including visible light which is reflected from an object in the field of view,
the sensor comprises a plurality of pixels; and at least one control circuit which alternately causes
a depth-sensing frame and a non-depth-sensing frame to be projected onto the object, the at least
one control circuit: (a) to provide the depth-sensing frame: causes the driver to drive the light

source In a pulsed mode in which the light source emits pulses of visible light during one portion
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of the depth-sensing frame, causes the sensor to operate in a gated mode during the one portion of
the depth-sensing frame to detect the pulses of visible light, derives depth data regarding the
object in the field of view based on light intensity values which are read trom the sensor, using a
time-of-flight principle, and causes the driver to drive the light source in a continuous mode In
which the light source emits continuous visible light during another portion of the depth-sensing
frame, and (b) at a different time than the depth-sensing frame, to provide the non-depth-sensing
frame: causes the dfiver to drive the light source in a continuous mode in which the light source
emits continuous visible light, and does not derive depth data regarding the object in the field of

VIEW.

[0003¢] According to still another aspect of the present invention, there 1s provided a video
projector device, comprising: a light source which emits visible light; a driver which drives the
light source; at least one optical component which projects the visible light in a field of view; a
sensor which senses visible light, including visible light which is reflected from at least one object
in the field of view, the sensor comprising a plurality of pixels; and at least one control circuit
which provides a gated sub-frame in which the light source is driven in a pulsed mode while the
sensor is operated in a gated mode, followed by the light source being driven in a continuous
mode while the sensor is read to obtain light intensity values, where the at least one control circuit
derives depth data regarding the at least one object in the field of view based on the light intensity
values, using a time-of-flight principle, and the light source and the optical component are used
for video projection and for time-of-flight measurement, wherein the at least one control circuit
provides an ungated sub-frame in which the light source is driven in the pulsed mode while the
sensor is operated in an ungated mode, followed by the light source being driven in the continuous
mode while the sensor is read to obtain light intensity values, where the at least one control circuit
adjusts the light intensity values obtained during the gated sub-frame based on the light intensity
values obtained during the ungated sub-frame, to compensate for reflectivity of the at least one

object in the field of view.

[0004] This summary is provided to introduce a selection of concepts in a simplified form
that are further described below in the description. This summary is not intended to 1dentify key
features or essential features of the claimed subject matter, nor is it intended to be used to limit the

scope of the claimed subject matter.
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BRIEF DESCRIPTION OF THE DRAWINGS
10003} In the drawings, like-numbered elements correspond to one another.
[0006] FIG. 1 depicts a side view of an example environment involving a video projector
device.
[0007] FIG. 2 depicts a top view of the example environment of FI1G. I.
[0008] FIG. 3 depicts an example block diagram of the video projector device of FIG. 1.
{0009] FIG. 4A depicts a process which uses a video projector device.
[0010] FIG. 4B depicts an example of a process involving sub-frames which can be used

in step 400 of FIG. 4A.

[0011] FIG. 4C depicts another example of a process involving sub-frames which can be

used in step 400 of FIG. 4A.

[0012] F1G. 5A depicts an example of a process for providing a gated sub-frame as set
forth in step 410 of FIG. 4B. '

[0013] FIG. 5B depicts an example of a process for providing an ungated sub-trame as set

forth in step 412 of FIG. 4B.

[0014] FI1G. 5C depicts an example of a process for providing a background sub-frame as
set forth in step 414 of FIG. 4B.

[0015] FIG. 5D depicts an example of a process for providing a color sub-frame as set

forth in step 416 of F1G. 4B.

[0016] FI1G. 6A depicts an example of a process for providing a gated sub-frame as set
forth in step 420 of FIG. 4C.

2b
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[0017] FIG. 6B depicts an example of a process for providing an ungated sub-frame as
set forth 1n step 422 of FIG. 4C.
[0018] FIG. 7A depicts an output of a projector which corresponds to the process of
FIG. 4B.
[0019] FIG. 7B depicts an input to a sensor based on the projector output of FIG. 7A.
[0020] FIG. 7C depicts a non-depth-sensing frame in which continuous projection
OCCurs.
[0021] FIG. 7D depicts an example frame sequence which alternately provides frames
with lower and higher light intensities.
[0022] FIG. 7E depicts an example frame sequence which alternately provides frames
with longer and shorter frame periods.
[0023] FIG. 8A depicts an output of a projector which corresponds to the process of
FIG. 4C.
[0024] FIG. 8B depicts an input to a sensor based on the projector output of FIG. 8A.
[0025] FIG. 9A depicts pulsed light which 1s output from a projector using square
waveforms.
[0026] FIG. 9B depicts pulsed light which 1s mnput to a sensor based on the projector
output of FIG. 9A.
[0027] FIG. 10A depicts pulsed light which 1s output from a projector using triangular
waveforms.
[0028] FIG. 10B depicts pulsed light which 1s input to a sensor based on the projector
output of FIG. 10A.

DETAILED DESCRIPTION
[0029] A wvideo projector device 18 provided which 1s useful in a number of
applications. One example application projects an image on a surface, where the 1mage
has a number of sclectable 1mage portions such as menu item 1n a user interface. A user
can gesture using his hand, for instance, to seclect one of the image portions. A
corresponding control mput can be provided to the application such as to select new video
or still image content, modify the currently projected video or still image content, play a
game, 1nitiate a communication such as a phone call, and so forth. In one approach, the
image projected on the surface becomes a touch display. In another example application,
the 3-D shape of an object 1n the field of view 1s sensed and recorded. The video projector
device advantageously uses a visible light projector to both project continuous light 1in a

desired pattern 1n the field of view, such as on a surface or object 1n the field of view,
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while also providing pulsed light for use in obtaining depth data using a time-of-flight
principle. The depth data can be obtained by periodically driving a light source to provide
visible light pulses, for a limited period, relative to a period in which a continuous light
output 1s provided, so that image quality 1s not noticeably reduced. During the limited
period, a sensor of the video projector device 1s gated to detect reflected visible light
pulses from the ficld of view. The sensor also has the ability to obtain color data from the
field of view, such as to obtain a still image, ¢.g., a photograph, or video images, ¢.g., a
video, like a typical digital camera.

[0030] The elements which are commonly used 1n a video projector device can be
used 1 a new way to achieve an additional functionality, by transforming the device into a
3-D data detection device. For instance, 3-D depth data can be obtained for an object
which 1s near a surface on which the video 1image 1s projected.

[0031] The video projector can also operate in a sensing-only mode in which the
visible light pulses are provided but no continuous light output 1s provided. In another
option, to increase color contrast, frame duration can be lengthened and/or light intensity
can be increased when the video projector operates 1n a projection and sensing mode,
relative to when the video projector operates 1n a projection-only mode.

[0032] FIG. 1 depicts a side view of example environment involving a video projector
device. As mentioned at the outset, depth cameras have become increasingly common.
Depth sensing technology can be used 1n other products such as mobile or other small
form factor video projector devices. Video projector devices include small handheld
devices sometimes referred to as pico projectors, mobile projectors and pocket projectors.
Such devices can include miniaturized hardware and software that can project digital
images onto any nearby viewing surface, such as a flat wall or table, or, generally any
shaped surface/object. Video projector devices can include other devices which are not
necessarily hand held or portable, including device which rest on a table top and device
which are mounted to a wall or other surface.

[0033] One application 1s to display a still or video 1image and allow a user to modify
the 1mage by moving through hand gestures. For example, a gesture of moving the hands,
or fingers of one hand, apart, can result 1n the projected 1mage becoming
magnified/zoomed 1n, and an opposite movement results in the projected image becoming
smaller/zoomed out. The user can appear to lift or otherwise select an object from the
projected 1mage so that projection of the object changes when the object 1s selected. A

gesture of waving or flicking the hand sideways can result in scrolling of a menu, or
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stopping or starting a video or still image display. A natural user interface (NUI) experience can
be created in which the user interacts with projected objects as if they were real, physical objects.
Many other applications are possible. Further information regarding tracking a portion ot a
person, an entire person, or another object can be found in, e.g., US 2010/0197399, published
August 5, 2010, titled "Visual Target Tracking," and US 2010/0194872, published August 3,
2010, titled "Body Scan.”

[0034] In FIG. I, a video projector device 100 is depicted as resting on a table top 102. A
projector lens 100 is used to transmit or project visible light in a field of view which is bounded

by light rays 112 and 114, in this example. A portion of the projected light is reflected, as depicted
by a region which is bounded by light rays 122 and 124, and sensed by a sensor in the video
projector device 100, via a camera lens 120. A user 130 places his arm or hand 132 into the
projected field of view, such that the presence of the hand and any movement of the hand can be

sensed by the sensor.

0035] FIG. 2 depicts a top view of the example environment of FIG. 1. An image region
150 1s projected by the video projector device on the table top 102. The image region 150 includes
image portions 152, 154, 156 and 158, for instance. The user may select the image portion 152 by
placing the hand 132 over the image portion 152. Selection of the image portion 152 can be
triggered in different ways. In one approach, the presence of the hand over the image portion 152
for a minimum period of time such as 1-2 seconds can trigger selection of the image portion 152.
[n another approach, the user is required to perform a gesture such as placing the hand above the
image portion 152 followed by lowering the hand toward the image portion 152, or raising the
hand away from the image portion 152. Many other possibilities exist. A similar example can be
provided where the image is projected on a vertical surface or to another surtace which is not

necessarily flat.

[0036] FIG. 3 depicts an example block diagram of the video projector device of FI1G. 1.
The ciomponents can be provided in a single housing. The video projector device 300 includes a
light source 318, such as a backlight, which can be activated (powered or turned on) to emit
continuous or pulsed visible light. The light source 318 can also be deactivated (depowered or
turned off) so that it emits no visible light, to reduce power consumption. The light source 1s
modulated during depth sensing and kept activated during video projection. It it is turned ott, this
means that the system is only able to capture color video/images. The light source 318 can include

one or more light-emitting
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diodes (LEDs), 1n one possible approach. Various other optical components which are not
depicted are also typically employed. In one approach, when a white light source such as
a metal halide lamp 1s used, the light source comprises white light which 1s separated into
three color components (¢.g., red, green and blue) by a prism and cach color component
passes through a separate modulator. The modulated light of each color i1s subsequently
combined and projected using appropriate optical components. In another approach, the
white light 1s provided to a single modulator via a component such as a color wheel so that
red, green and blue components, for instance, and provided m a time-multiplexed manner
to the modulator. In another approach, such as when LEDs are used, cach group of LEDs
emits a different color, such as red, green and blue, each color component passes through a
separate modulator, and the modulated light of ecach color is subsequently combined and
projected using appropriate optical components.

[0037] Another option for the light source 1s the Digital Light Processing (DLP)® chip
(Texas Instruments, Inc.), which contains a rectangular array of up to 2 million hinge-
mounted microscopic mirrors, which can reflect a digital image onto a screen or other
surface. Modulation of the DLP chip 1s similar to modulation of an LCD chip. In a single
DLP chip configuration, white light passes through a color filter, causing red, green, blue
and even additional primary colors such as yellow cyan, magenta and more to be shone 1n
sequence on the surface of the DLP chip. The switching of the mirrors, and the proportion
of time they are 'on' or 'off’ 18 coordinated according to the color shining on them. Then the
sequential colors blend to create a full-color image which 1s projected.

[0038] A LCD panel 320 encodes the emitted light from the light source with color
video information, to provide color encoded visible light which 1s projected via at least
on¢ optical component such as a projection lens 322. One or more light-transmissive LCD
panels can be provided, for instance, such as by using light-transmissive LCD chips. The
LCD panel can include one or more arrays of light-transmissive pixels, where each pixel
can cach be controlled individually, responsive to a projector control circuit 310. The
pixels of the LCD panel can be controlled to impart image data such as a desired color
image which 1s to be projected.

[0039] The projection lens 322 and/or sensor lens 360 can be controlled by the
projector control circuit 310 such as to provide an auto-focus feature, based on depth
information which 1s provided to the projector control circuit 310 from a sensor control
circuit 340. With a known depth or range of depths of one or more objects in the field of

view, an optimum focus can be set.
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[0040] The projector control circuit 310 can include one or more processors,
represented by processor 312, one or more memory components, represented by memory
component 314 and one or more drivers, represented by driver 316. The processor can be
a micro-processor, for instance, which executes instructions which are stored in the
memory 314 to provide a functionality as described herein. The memory 314 can store
instructions that are executed by the processor 312, as well as storing 1mage data for
controlling the LCD panel 320 to provide a desired projected image. For example, the
memory 314 may include random access memory (RAM), read only memory (ROM),
cache, flash memory, a hard disk, or any other suitable tangible computer readable storage
medium. The memory component 314 may be a separate component in communication
with the processor 312 and/or the projector control circuit 310 via a bus, for instance. Or,
the memory component 314 may be integrated into the processor 312 and/or the projector
control circuit 310. The memory 314 1s a tangible computer readable storage medium
having computer recadable software embodied thercon for programming at lecast one
processor 312 to perform a method for processing 1mage data m a video projector device
as described herein.

[0041] The driver 316 communicates with the light source to drive or modulate 1t as
described herein. For example, the current and/or voltage to the light source can be
modulated by the driver, so that the emitted light 1s modulated. The driver can be a
custom driver which supports both a fast pulse mode and a continuous 1llumination mode.
The projector control circuit can control rows and columns of pixels of the LCD panel.
[0042] A user interface 330 can include controls such as buttons or a touch screen
which allows a user to enter commands to control the video projector device. Examples
commands include starting or stopping a video projector sequence of frames, starting or
stopping a projection of a still image, ¢.g., a single frame, and starting or stopping a depth
sensing mode. In one approach, the user has the option of capturing a single frame of
depth data, similar to a snap shot, in a sensing only mode. The user can set, ¢.g., a
projecting and depth-sensing mode, a projecting and non-depth-sensing mode, or a depth-
sensing but non-projecting mode. The user can also adjust settings which affect a
response or sensitivity in tracking an object 1n the field of view. Different users may
prefer different levels of tracking sensitivity 1n different situations, as they interact with a

projected 1image. The user may also adjust settings such as projector brightness.
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[0043] A sensor portion of the video projector device 300 includes a sensor lens 360
through which visible light from the field of view passes and reaches one or more sensors,
represented by a sensor 350. The visible light can include reflections of the projected light
as well as ambient, background light, such as from artificial light sources other than the
video projector device, €.g., electric lamps, and from natural light sources, ¢.g., sunlight in
a room. The sensor can include one or more CCDs, for instance, which have light-
sensitive pixels. Each pixel generates charge, and the amount of accumulated or
integrated charge can be read as an indication of the light intensity which has reached the
pixel. The sensor can operate 1n a gated or ungated mode, under the control of a sensor
control circuit 340.

[0044] In one 1implementation of a gated operation, the pixels are alternately activated
and deactivated 1n a controlled sequence. A time in which the pixels are activated 1s
referred to as a gated period. When a pixel 1s activated, 1t can sense light and accumulate
charge. When a pixel 1s deactivated, 1t cannot sense light and accumulate charge, even 1f
light 1s 1ncident upon the pixel. In another implementation of gated operation, a separate
modulator (not shown) can be provided which 1s between the sensor 350 and the lens 360,
and which has the ability to block or pass light, like a shutter. The modulator or sensor
can act as a shutter which can be opened or closed as desired.

[0045] In one implementation of ungated operation, the sensor pixels are activated so
that they accumulate charge in an uninterrupted time period, after which the amount of
accumulated charge 1s read out by the sensor control circuit 340.

[0046] The sensor control circuit 340 can include one or more processors, represented
by processor 342, and onec or morec memory components, represented by memory
component 348. The processor can be a micro-processor, for instance, which executes
instructions which are stored in the memory 348 to provide a functionality as described
herein. The memory 348 can store instructions that are executed by the processor 312, as
well as storing readings and image data from the sensor. The memory 348 can be
configured similarly to the memory 314 as discussed above. The memory 348 15 a
tangible computer readable storage medium having computer readable software embodied
thereon for programming at least one processor 342 to perform a method for processing
image data 1in a video projector device as described herein.

[0047] The processor 342 can include a depth data processing portion 344 which
recerves readings from the sensor and translates them into depth data for cach pixel of the

sensor. For example, a reading from a pixel can indicate an amount of accumulated
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charge and this can be correclated with a light intensity based on characteristics of the
sensor. Moreover, timing of the sensed light of a pixel can be correlated with pulses of
light from the projector, when the projector operates 1n a pulsed mode and the sensor
operates 1n a gated mode. This allows a depth value to be associated with the pixel based
on time-of-flight principles. To obtain depth values, we need two measurements: gated
and ungated. A set of depth values from some or all pixels of the sensor provides a depth
map for a frame of sensed 1mage data. The depth map can be stored 1n the memory 348,
for instance. The sensor control circuit 340 can communicate with the projector control
circuit to obtain timing data which the depth data processing portion 344 uses to calculate
depth values. Optionally, a central control circuit manages the projector control circuit
310 and the sensor control circuit 340, including providing timing data for setting a pulsed
or continuous mode 1n the projector control circuit 310, and for setting a gated or ungated
mode 1 the sensor control circuit 340.

[0048] The processor 342 can include a color data processing portion 346 which
recerves color pixel data from the sensor, similar to the way 1n which a still or video
camera sensor operates. In this way, color images of the field of view of the sensor can be
obtained and stored in the memory 348, for instance.

[0049] The processor 342 can also imnclude a gestures library 347, such as a collection
of gesture filters, each having information concerning a gesture that may be performed by
a user, including hand gestures. By comparing a detected motion to each filter, a specified
gesture or movement which 1s performed by the user can be identified.

[0050] FIG. 4A depicts a process which uses a video projector device. Step 400
includes providing a frame of 1mage data by projecting visible light into a ficld of view,
while reading the sensor to obtain depth data. Step 402 includes providing a control input
to an application based on the depth data. Decision step 404 determines whether a next
frame 1s to be projected. If a next frame 18 to be projected, the process repeats starting at
step 400. If no next frame 1s to be projected, the process ends at step 406. Example
implementations of step 400 are discussed below.

[0051] FIG. 4B depicts an example of a process mnvolving sub-frames which can be
used 1n step 400 of FIG. 4A. Generally, light emitted by the light source can be modulated
accordance to a gating sequence of the sensor. For example, one possible implementation
of the sensor 1s the SONY® model ICX424AQ CCD sensor. The ICX424AL 1s a
diagonal 6mm (Type 1/3) interline CCD solid-state 1mage sensor with a square pixel array.

Progressive scan allows all pixel's signals to be output independently within



10

15

20

25

30

CA 02812433 2013-03-22
WO 2012/047410 PCT/US2011/049606

approximately 1/60 second. The chip has an e¢lectronic shutter with variable charge-
storage time which makes i1t possible to realize full-frame still images without a
mechanical shutter. It supports several pixel resolutions/modes including Video Graphics
Array (VGA) (640x480 (@ 60Hz), quarter-VGA (QVGA) (320x240 (@ 120Hz) and
quarter-QVGA (QQVGA) (160x120 @ 240Hz). Referring also to FIGs. 7A and 7B,
assume the QQVGA mode 1s used, which includes a 33msec. projection period or full
frame period which 1s divided 1nto four sections or sub-frames. In cach sub-frame, the
sensor 18 exposed to light, and light intensity values are read 1n selected sub-frames.

[0052] A full frame can be defined by a frame of pixel data which 1s to be projected.
In the different sub-frames in which the pixel data 1s projected, in a pulsed or continuous
mode, the same pixel data of the frame can be used. Although, 1f the projected 1image has
black sections 1n 1t, we won't be able to measure depth if the pulsed light will show the
same 1mage. This can be solved 1n several ways, including changing the black level (so 1t
will project something). Sub-frames are immages that, when combined, provide the full
output of a frame. For example, gated and ungated images are sub-frames. In our notation,
a frame contains all the sub-frames 1n one cycle of sensing. The projected pixel data 1s
independent of (although synchronized with) the light source modulation. The driver of
the light source generally has no access to the projected pixel data.

[0053] Step 410 provides a gated sub-frame using pulsed light followed by continuous
light. In this sub-frame, pulses are sent by the projector and a gated 1mage 15 sensed by the
sensor, ¢.g., the sensor 1s allowed to sense light only during limited intervals which
correspond to cach transmitted pulse. The projector provides a continuous illumination
mode after the pulsed 1llumination 1s used. The gated sub-frame can yield light intensity
values which correlate with depth data of one or more objects 1n the ficld of view.

[0054] Step 412 provides an ungated sub-frame using pulsed light followed by
continuous light. In this sub-frame, pulses are again sent by the projector but an ungated
image 18 sensed by the sensor. Usually, 1n the ungated mode, the sensor behaves similarly
to the gated mode, with the main difference being the time that the shutter opens and
closes. In any case, 1in order to increase robustness to ambient light, the sensor 1s open 1n
time intervals that correspond to each transmitted pulse. The ungated sub-frame can yield
reflectivity data of one or more objects 1n the field of view.

[0055] Step 414 provides a background sub-frame using no light followed by
continuous light. In this sub-frame, initially no light 1s sent by the projector so that

background light 1s sensed by the sensor. Subsequently, continuous light 1s provided by
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the projector. The background sub-frame can yield data regarding background light 1n the
field of view. The background light does not originate from the video projector device
and can be from man-made or natural sources.

[0056] Step 416 provides an optional color sub-frame using continuous light. In this
sub-frame, the sensor acts as a camera by sensing and storing color data from the field of
view. The color data could be a standard RGB image, for instance. In the color sub-
frame, the light can be driven 1n a continuous mode while the sensor 1s active.

[0057] Note that the order of the sub-frames can vary. In one approach, the gated sub-
frame 18 provided, followed by the ungated sub-frame, followed by the background sub-
frame, followed by the color sub-frame. However, this order 18 not required. Moreover,
the different sub-frames can be provided with different frequencies of occurrence. For
example, the gated sub-frame can be provided every nl>1 frames, the ungated sub-frame
can be provided every n2>1 frames, the background sub-frame can be provided every
n3>1 frames, and the color sub-frame can be provided every nd>1 frames, 1f used at all.
nl, n2, n3 and n4 are positive integers. For example, assume 1t 1s sufficient to provide
depth data for every two frames, so nl=n2=n3=2 and n4=1. When one¢ or more sub-
frames are not provided 1n a frame, the remaining portions of the frame can be extended to
fill the frame period. For example, for a frame which includes only the color sub-frame,
the color sub-frame 1s extended to the full 33 msec. Or, the frame duration can be
shortened. In one approach, the rest of the time of the frame can be used for continuous
projection so as to increase the contrast of the projected video. For depth sensing, it 1S
undesired to extend the exposure time. For color, on the other the hand, it might be
desired 1in low light scenes.

[0058] In another example, 1f we don’t need color data, a second background sensing
can be provided in which a frame includes a background sub-frame, a gated sub-frame, an
ungated sub-frame and a background sub-frame, in that order.

[0059] FIG. 4C depicts another example of a process involving sub-frames which can
be used 1n step 400 of FIG. 4A. In this case, depth sensing only 18 performed, with no
continuous projection in the field of view. Step 420 includes providing a gated sub-frame
using pulsed light, which 1s not followed by continuous light. Step 422 includes providing
an ungated sub-frame using pulsed light, which again 1s not followed by continuous light.
The pulsed visible light will generally not be noticeable to the human eye, since the
illumination period is very short. There can also be a background image taken (an 1mage

with no pulses) (step 424). In this case, the background 1image and the color image can be

11



10

15

20

25

30

CA 02812433 2013-03-22
WO 2012/047410 PCT/US2011/049606

the same 1mage since there 18 no difference 1n lighting conditions. A color sub-frame can
also be provided (step 426), which 1s the same as the background sub-frame. An
advantage of depth sensing without continuous projecting 1s that power consumption 1S
reduced. Refer to FIGs. 8A and &B for further details.

[0060] FIG. 5A depicts an example of a process for providing a gated sub-frame as set
forth 1n step 410 of FIG. 4B. Step 500 begins a gated sub-frame which uses pulsed light
followed by continuous light from the projector. Steps 502 and 503 can occur
concurrently, at Ieast in part. In one approach, the light source continuously emits visible
light. In step 502, the light source of the projector 1s driven 1n a pulsed mode, so that
pulsed visible light 1s emitted in the field of view. FIGs. 9A and 10A provide example
waveforms for pulsed light. See also time 0-2 msec. in FIG. 7A. In step 503, the sensor 1s
operated 1n a gated mode, while reflected pulses (as well as background light) are sensed.
FIGs. 9B and 10B provide example waveforms for sensed light. See also time 0-2 msec.
in FIG. 7B.

[0061] Steps 504 and 505 can occur concurrently, at least in part. At step 504, the
light source 1s driven 1n a continuous mode, so that continuous visible light 1s emitted 1n
the ficld of view. See time 2-8 msec. in FIG. 7A. At step 5035, the sensor 1s read to obtain
light intensity values. See time 2-8 msec. in FIG. 7B. During this read out period, no
additional light 1s sensed by the sensor. The light intensity values can be stored for
subsequent use 1n determining depth values. For example, the light intensity values may
be normalized based on light intensity values, which are obtained 1n the ungated sub-
frame. This normalization 1s done after subtracting the background sub-frame from both
gated and ungated sub-frames. The normalized light intensity values can then be used to
determine depth values.

[0062] FIG. 5B depicts an example of a process for providing an ungated sub-frame as
set forth 1n step 412 of FIG. 4B. Step 510 begins an ungated sub-frame which uses pulsed
light followed by continuous light from the projector. Steps 512 and 513 can occur
concurrently, at least in part. In step 512, the light source 1s driven 1n a pulsed mode, so
that pulsed visible light 1s emitted 1n the field of view. FIGs. 9A and 10A provide
example wavetforms for pulsed light. See also time 8-10 msec. 1n FIG. 7A. In step 513,
the sensor 18 operated 1n an ungated mode, while reflected pulses (as well as background
light) are sensed. FIGs. 9B and 10B provide example waveforms for sensed light. See

also time 8-10 msec. in FIG. 7B.
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[0063] Steps 514 and 515 can occur concurrently, at least in part. At step 514, the
light source 1s driven 1n a continuous mode, so that continuous visible light 1s emitted 1n
the field of view. See time 10-16 msec. in FIG. 7A. At step 515, the sensor 1s read to
obtain light intensity values which indicate reflectivity. See time 10-16 msec. 1n FIG. 7B.
At step 516, the light intensity values which were determined at step 505 of FIG. 5A are
adjusted, ¢.g., normalized, based on the light intensity values of step 515. Generally,
several properties affect the amount of light which reaches each pixel of the sensor,
including the distance the light travelled, the reflectivity of the object, and the normal
direction of the object which the light reflects off of. This adjustment accounts for
reflectivity and the normal direction. During the ungated sub-frame, for cach pulse, we
close the shutter to the sensor at a specific time, after getting back all the light that 1s
projected into the field of view and reflected back to the sensor. In contrast, with the gated
image, we do not wait for all of the light pulse to reflect back to the sensor. If a relatively
high amount of light reflects back due to reflectivity and/or the normal directions, we will
have a relatively high ungated light intensity value. The light intensity values of step 505
can be normalized to create depth values by dividing by the corresponding light intensity
values of step 515.

[0064] FIG. 5C depicts an example of a process for providing a background sub-frame
as sct forth 1n step 414 of FIG. 4B. Step 520 begins a background sub-frame which uses
no light followed by continuous light from the projector. Steps 522 and 523 can occur
concurrently, at least 1in part. In step 522, the light source 1s not driven so that no visible
light 1s emitted 1n the field of view. See time 16-18 msec. in FIG. 7A. In step 523, the
sensor 1S operated 1n a gated mode, while background light 1s sensed. The background
might also be sensed in an ungated mode. A gated mode “simulates” the way the
background light 1s received during the active illumination phases. See time 16-18 msec.
in FIG. 7B.

[0065] Steps 525 and 526 can occur concurrently, at least in part. At step 525, the
light source 1s driven 1n a continuous mode, so that continuous visible light 1s emitted 1n
the ficld of view. See time 18-24 msec. in FIG. 7A. At step 526, the sensor 1s read to
obtain light intensity values which indicate an amount of background light. See time 18-
24 msec. 1n FIG. 7B. At step 527, the light intensity values which were determined at step
505 of FIG. 5A or step 516 of FIG. 5B are adjusted based on the light intensity values of
step 526. The adjustment can involve subtracting the background light intensity values.

Note that the adjustment for reflectivity should be made after the adjustment for
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background light. Normalizing of the gated image by the ungated image 1s used to
provide depth data. Normalizing using the background image can be omitted, for
example, when operating the projector mm the dark. At step 528, depth values are
determined based on the adjusted light intensity values.

[0066] FIG. 5D depicts an example of a process for providing a color sub-frame as set
forth in step 416 of FIG. 4B. Step 530 begins a color sub-frame which uses continuous
light from the projector. Steps 532 and 533 can occur concurrently, at least in part. In
step 532, the light source of the projector 1s driven in a continuous mode, so that
continuous visible light 1s emitted in the field of view. See time 24-26 msec. in FIG. 7A.
In step 533, the sensor 1s operated n a color sensing mode, which 1s a standard digital
camera sensing mode, while reflected light (as well as background light) 1s sensed. See
time 24-26 msec. 1n FIG. 7B. At step 534, the sensor 1s recad to obtain light intensity
values which indicate color data.

[0067] FIG. 6A depicts an example of a process for providing a gated sub-frame as set
forth 1n step 420 of FIG. 4C. Step 600 begins a gated sub-frame which uses pulsed light.
Steps 602 and 603 can occur concurrently, at least in part. In step 602, the light source of
the projector 1s driven 1n a pulsed mode, so that pulsed visible light 1s emitted in the field
of view. FIGs. 9A and 10A provide example wavetorms for pulsed light. See also time 0-
2 msec. 1n FIG. 8A. In step 603, the sensor 1s operated in a gated mode, while reflected
pulses (as well as background light) are sensed. FIGs. 9B and 10B provide example
waveforms for sensed light. See also time 0-2 msec. in FIG. 8B.

[0068] Steps 605 and 606 can occur concurrently, at least in part. At step 605, the
light source 1s not driven, so that no visible light 1s emitted. See time 2-8 msec. 1n FIG.
8A. At step 606, the sensor 1s read to obtain light intensity values. See time 2-8 msec. 1n
FIG. 8B. The light intensity values can be stored for subsequent use 1n determining depth
values. For example, the light intensity values may be adjusted based on light intensity
values which are obtained 1n the ungated sub-frame and optionally the background sub-
frame. The adjusted light mntensity values can then be used to determine depth values.
[0069] FIG. 6B depicts an example of a process for providing an ungated sub-frame as
set forth 1n step 422 of FIG. 4C. Step 610 begins an ungated sub-frame which uses pulsed
light. Steps 612 and 613 can occur concurrently, at least in part. In step 612, the light
source 1S driven 1n a pulsed mode, so that pulsed visible light 1s emitted 1n the field of
view. FIGs. 9A and 10A provide example waveforms for pulsed light. See also time 8-10

msec. 1n FIG. 8A. In step 613, the sensor 18 operated 1n an ungated mode, while retlected
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pulses (as well as background light) are sensed. FIGs. 9B and 10B provide example
waveforms for sensed light. See also time 8-10 msec. in FIG. 8B.

[0070] Steps 615 and 616 can occur concurrently, at least in part. At step 615, the
light source 18 not driven. As a result, no visible light 1s emitted. See time 10-16 msec. 1n
FIG. 8A. At step 616, the sensor 1s read to obtain light intensity values which indicate
reflectivity. See time 10-16 msec. in FIG. 8B. At step 617, the light intensity values
which were determined at step 606 of FIG. 6A are adjusted based on the light intensity
values of step 616. At step 618, depth values are determined based on the adjusted light
intensity values.

[0071] The example implementation of FIGs. 7A and 7B, discussed below, 1s for a
QQVGA mode which includes a 33msec. frame period which is divided into four sections
or sub-frames. This 1s an example of a frame which include depth-sensing, color sensing
and projecting. Many other implementations are possible. Morcover, as mentioned,
different sub-frames can be used in different frames. For example, some sub-frames can
be used less frequently than every frame while other sub-frames are used every frame.
[0072] FIG. 7A depicts an output of a projector which corresponds to the process of
FIG. 4B. In an example frame period of 33 msec., four sub-frames are provided. A gated
sub-frame extends from 0-8 msec. From 0-2 msec. the projector outputs a pulsed visible
light. From 2-8 msec., the projector outputs a continuous visible light having an amplitude
I2. An ungated sub-frame extends from 8-16 msec. From &-10 msec. the projector
outputs a pulsed visible light. From 10-16 msec., the projector outputs a continuous
visible light. A background sub-frame extends from 16-24 msec. From 16-18 msec. the
projector outputs no visible light. From 18-24 msec., the projector outputs a continuous
visible light. A color sub-frame extends from 24-33 msec. From 24-26 msec. the
projector outputs a continuous visible light. From 26-33 msec., the projector continues to
output a continuous visible light.

[0073] Line 700 represents a light intensity I1 of a frame 1n which the projector
provides a continuous output and no sensing occurs, in a non-depth-sensing frame. In one
approach, a lower intensity or power output 1s used such that 11<I2. Providing a higher
light output during a depth-sensing frame, compared to a non-depth-sensing frame, can be
uscful m 1improving color contrast of the projected image, by compensating for the periods
in which pulsing or no light output 1s used. Another option which can be used additionally
or alternatively, 1s to provide a longer frame period (depicted by the frame period FP 1n

FIG. 7C) for the non-depth-sensing frame compared to the depth-sensing frame. For
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example FP>33 msec., where 33 msec. 1s the frame period of the depth-sensing frame.
Either approach increases the amount of light which 1s output by the projector per time
unit. By selectively adjusting the light intensity and/or frame period, power consumption
and the projected image quality are optimized. See FIGs. 7D and 7E for further details.
[0074] FIG. 7B depicts an input to a sensor based on the projector output of FIG. 7A.
Each sub-frame includes an integration or active sensing period, in which charge 1s
generated by each pixel in the sensor 1n proportion to the amount of sensed light, followed
by a read out or overhead period 1in which the amount of accumulated charge 1s read from
all the pixels. During the read out, a portion of a pixel referred as an accumulator can be
read and the accumulator zeroed out for subsequent sensing. In the gated sub-frame, from
0-2 msec. the sensor integrates or accumulates charge while the projector 1s pulsed, and
from 2-8 msec., the accumulated charge 1s read out. In the ungated sub-frame, from 8-10
msec. the sensor integrates charge while the projector 1s pulsed, and from 10-16 msec., the
accumulated charge 1s read out. In the background sub-frame, from 16-18 msec. the
sensor integrates charge while the projector outputs no light, and from 18-24 msec., the
accumulated charge 1s read out. In the color sub-frame, from 24-26 msec. the sensor
integrates charge while the projector output 1s continuous, and from 26-33 msec., the
accumulated charge 1s read out.

[0075] FIG. 7D depicts an example frame sequence which alternately provides a non-
depth sensing frame using a lower light intensity 11, such as in steps 720 and 724, and a
depth-sensing frame using a higher light intensity 12, such as in steps 722 and 726. Here,
at least one control circuit provides, at different times: (a) a depth-sensing frame (steps
722 and 726) m which the at least one control circuit derives depth data regarding at Ieast
on¢ object 1n the field of view based on light intensity values which are read from the
sensor, using a time-of-flight principle, and (b) a non-depth-sensing frame (steps 720 and
724) 1n which the at least one control circuit does not derive depth data regarding the at
Ieast one object 1n the ficld of view. Morecover, the at Ieast one control circuit causes the
light source to emit visible light at a higher illumination power during the depth-sensing
frame than during the non-depth-sensing frame.

[0076] Another option involves different depth-sensing modes. Generally, at least one
control circuit 1s controllable to selectively operate 1n a first mode in which the at Ieast one
control circuit uses a limited number of one or more frames to obtain depth data regarding
the at least one object 1n the ficld of view, and 1n a second mode 1n which the at least one

control circuit continuously obtains depth data regarding at least one object in the field of
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view. For example, the limited number of one or more frames to obtain depth data, in the
first mode, can be a single frame, or a small number of frames 1n a period of up to, ¢.g.,
on¢ second. This can be used to provide a snap shot depth-sensing mode in which depth
data 1s obtained for an object in the field of view, such as a static object, based on a user
command. For example, depth data can be obtained for an object of interest. In the
second mode, depth data 1s continuously obtained for an object of interest, such as a
moving object. As mentioned, the projector mode need not be used when obtaining depth
data.

[0077] FIG. 7E depicts an example frame sequence which alternately provides a non-
depth sensing frame using a shorter frame period/duration, such as m steps 730 and 734,
and a depth-sensing frame using a longer frame period, such as in steps 732 and 736.
[0078] The example implementation of FIGs. 8A and 8B, discussed below, 1s for a
QQVGA mode which includes a 33msec. frame period which 1s divided into two sub-
frames, where sensing only 1s performed. This 1s an example of a depth-sensing frame and
a non-projecting frame.

[0079] FIG. 8A depicts an output of a projector which corresponds to the process of
FIG. 4C. A gated sub-frame extends from 0-8 msec. From 0-2 msec. the projector
outputs a pulsed visible light. From 2-8 msec., the projector outputs no visible light. An
ungated sub-frame extends from 8-16 msec. From 8-10 msec. the projector outputs a
pulsed visible light. From 10-16 msec., the projector outputs no visible light. Similarly,
in a remainder of the frame, from 16-33msec., the projector outputs no visible light. In
this mode, the background image 1s obtained from the color image, from 16-33 msec.,
since they are essentially 1dentical.

[0080] FIG. 8B depicts an input to a sensor based on the projector output of FIG. 8A.
In the gated sub-frame, from 0-2 msec. the sensor integrates charge while the projector 1s
pulsed, and from 2-8 msec., the accumulated charge 1s read out. In the ungated sub-frame,
from 8-10 msec. the sensor integrates charge while the projector 1s pulsed, and from 10-16
msec., the accumulated charge 1s read out. In a remainder of the frame, from 16-33 msec.,
a background sub-frame and color sub-frame, which are essentially the same, can be
sensed. As mentioned, this mode allows the video projector device to operate 1n a
sensing-only mode, where no projection occurs, so that power consumption 1s reduced.
No visible light 1s emitted at a time other than during the gated sub-frame and the ungated

sub-frame. For example, the light source can be turned off to reduce power consumption.
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[0081] FIG. 9A depicts pulsed light which 1s output from a projector using square
waveforms. Time-of-flight principles allow the depth of a point on an object in a ficld of
view to be determined based on an elapsed time for light to travel from the projector to the
point and to be reflected back to the sensor. Morcover, an amount of light registered by a
pixel on the photosurface of the sensor during the gated period 1s used to determine

distance to a surface element of the scene 1maged on the pixel. An example pulse rate 1s 44

Mhz. Along the x-axis, which represents time, Atl represents a pulse duration of example

pulses 900 and 920, and At2 represents a period between the starting of each pulse. Along
the y-axis, which represents projected light intensity, each pulse 1s stepped up and has an
essentially square wave shape, 1n this implementation. In one approach, cach pulse steps
up from a level of essentially zero intensity to a maximum level. In another approach,
cach pulse steps up from a non-zero level of intensity to a maximum level. In another
approach, the projected intensity follows a continuous-wave modulation such as a sine
wave, mstead of providing separate light pulses. In this case, the phase difference between
sent and received signals 18 measured, rather than directly measuring a particular hight
pulse’s total trip time. As the modulation frequency 1s known, this measured phase
directly corresponds to the time of flight. A pulsed light source can be obtained by driving
the light source accordingly.

[0082] FIG. 9B depicts pulsed light which 1s mnput to a sensor based on the projector
output of FIG. 9A. The x-axis of FIG. 9B is time-aligned with the x-axis of FIG. 9A.

When the sensor 1s 1n a gated mode, a gated period At3 1s defined 1n which sensing can
occur. Sensed light 18 represented by pulses 910 and 930. Typically, At3>Atl so that time

margins At4f and At4b are provided at the front and back, respectively, of each gated
period. The time of flight (TOF) represented by the pulses 900 and 910 1s depicted. The
sensed pulses 910 and 930 correspond to the projected pulses 900 and 920, respectively.
An ambient or floor level of sensed light 1s depicted as being present throughout the
sensing.

[0083] FIG. 10A depicts pulsed light which 1s output from a projector using triangular
waveforms. A triangular waveform can be considered to be a pulse which has at least one
of: (a) a leading edge which transitions higher at a rate which 1s below a step up rate of the
modulator, and (b) a trailing edge which transitions lower at a rate which 1s below a step
down rate of the modulator. That is, the leading edge 1s controlled to transition up at a rate

which 1s slower than a fastest possible rate, which 1s an immediate step up, and/or the
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trailing edge 1s controlled to transition down at a rate which 1s slower than a fastest
possible rate, which 1s an immediate step down. Such as waveform can have symmetric or
non-symmetric leading and trailing edges. In one option, the waveform reaches a
maximum amplitude and remains at that level for some time so that the waveform has a
trapezoidal shape, such as with example waveforms 1000 and 1010. Waveform 1000
includes a leading edge 1002, a maximum amplitude 1004 and a trailing edge 1006. In
another option, the waveform 1s a triangle which has a sharp peak.

[0084] FIG. 10B depicts pulsed light which 1s input to a sensor based on the projected
output of FIG. 10A. The sensed waveforms 1020 and 1030 correspond to the projected
waveforms pulses 1000 and 1010, respectively.

[0085] The foregoing detailed description of the technology herein has been presented
for purposes of 1illustration and description. It 1s not intended to be exhaustive or to limat
the technology to the precise form disclosed. Many modifications and variations are
possible 1in light of the above teaching. The described embodiments were chosen to best
explain the principles of the technology and 1ts practical application to thereby enable
others skilled 1n the art to best utilize the technology 1n various embodiments and with
various modifications as are suited to the particular use contemplated. It 1s intended that

the scope of the technology be defined by the claims appended hereto.
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CLAIMS:
l. A video projector device, comprising:
a light source;
a driver which drives the light source;
an optical component which projects visible light from the light source in a field of
VIEW:

a sensor which senses visible light, the sensor comprises a plurality of pixels; and

at least one control circuit associated with the driver and the sensor, the at least

one control circuit:

to project a [rame of pixel data on an object in a frame period, divides the frame
period into multiple sub-frames including a gated sub-frame, and causes the video projector
device to operate in a projection and sensing mode followed by a projection-only mode, without

sensing, during the gated sub-frame,

to provide the projection and sensing mode: causes the driver to drive the light
source in a pulsed mode in which the light source emits pulses of visible light while causing the
sensor to operate 1n a gated mode so that the plurality of pixels integrate charge from reflections

of the pulses of visible light from the object,

to provide the projection-only mode, without sensing: causes the driver to drive
the light source in a continuous mode in which the light source emits continuous visible light
while reading out an integrated charge from the plurality of pixcls to obtain light intensity values,

and

derives depth data regarding the object in the field of view based on the light

intensity values, using a time-of-flight principle.

2. The video projector device of ¢laim 1, wherein:
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the multiple sub-frames comprise an ungated sub-frame following the gated sub-

frame; and

the at lcast one control circuit provides the ungated sub-frame by causing the
driver to drive the light source in the pulsed mode while the sensor 1s operated in an ungated
mode, followed by causing the driver to drive the light source in the continuous mode while the
sensor 18 read to obtain light intensity values, where the at least one control circuit adjusts the light
Intensity values obtained during the gated sub-frame based on the light intensity values read from
the sensor and obtained during the ungated sub-frame, to compensate for reflectivity of the object

in the field of view.
3. The video projector device of claim 1, wherein:

the multiple sub-trames comprise a background sub-frame following the gated

sub-frame:; and

the at least one control circuit provides the background sub-frame, in which no
visible light is emitted by the video projector device toward the object while the sensor is operated
in a gated mode to sense background light, followed by causing the driver to drive the light source
In the continuous mode while the sensor is read to obtain light intensity values, where the at least
one control circuit adjusts the light intensity values obtained during the gated sub-frame based on
the light intensity values read from the sensor and obtained during the background sub-trame, to

compensate for the background light in the ficld of view.
4. The video projector device of claim 3, wherein:

the at least one control circuit provides two of the background sub-frames in the

multiple sub-frames.

5. The video projector device of claim 1, wherein:

the multiple sub-frames comprise a color sub-frame following the gated sub-

frame; and

the at least one control circuit provides the color sub-frame by causing the driver

to drive the light source in the continuous mode while the sensor is operated in a standard color
21
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sensing mode, followed by causing the driver to drive the light source in the continuous mode
while the sensor 1s read to obtain light intensity values which include color data from the field of

VIEW.
6. The video projector device of ¢claim 1, wherein:

5 the multiple sub-frames comprise a color sub-frame in which the at least one
control circuit causes the driver to drive the light source in the continuous mode while the sensor

Is active.
7. The video projector device of claim [, wherein:

the at least one control circuit causes the driver to drive the light source using

10 triangular shaped pulses during the gated sub-frame.
8. The video projector device of claim |, wherein:

the at least one control circuit causes the driver to drive the light source using
pulses which each have at least one of: (a) a leading edge which transitions higher at a rate which
1s below a step up rate of the light source, or (b) a trailing edge which transitions lower at a rate

15 which is below a step down rate of the light source.
9. The video projector device of claim |, wherein:
the hight source is a backlight of the video projector device.
10. The video projector device of claim |, wherein:

the light source, the optical component, the at least one control circuit and the

20  scnsor are provided in a common housing.
[ 1. The video projector device of claim |, further comprising:

at least one light-transmissive LCD panel which encodes video information onto

the visible light, the at least one light-transmissive LCD panel comprises a plurality of pixels.

[2. The video projector device of claim |, wherein:
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the at least one control circuit focuses the optical component based on the depth
data.
13. The video projector device ol claim 1, wherein:

the pulses of visible light are provided during a limited period, relative to a period
in which the continuous visible light 1s provided, so that image quality of an image projected on

the object 1s not noticeably reduced.

14, A video projcctor device, comprising:
a light source;.
a driver which drives the light source;

an optical component which projects visible light from the light source 1n a field of

View:

a sensor which senses visible light, including visible light which is reflected from

an object in the field of view, the sensor comprises a plurality of pixels; and

at least one control circuit which alternately causes a depth-sensing frame and a

non-depth-sensing frame to be projected onto the object, the at least one control circuit:
(a) to provide the depth-sensing frame:

causes the driver to drive the light source in a pulsed mode in which the light

source emits pulses of visible light during one portion of the depth-sensing frame,

causcs the sensor to operate in a gated mode during the one portion of the depth-

sehsing, frame to detect the pulses of visible light,

derives depth data regarding the object in the field of view based on light intensity

values which are read from the sensor, using a time-of-flight principle, and

causes the driver to drive the light source in a continuous mode in which the light

source emits continuous visible light during another portion of the depth-sensing frame, and
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(b) at a dilterent time than the depth-sensing frame, to provide the non-depth-

sensing frame:

causcs the driver to drive the light source in a continuous mode in which the light

source emits continuous visible light, and
o does not derive depth data regarding the objcct in the field of view.
[5. The video projector device of claim 14, wherein:

the at least one control circuit causes the light source to emit visible light at a

higher tllumination power during the depth-sensing frame than during the non-depth-sensing

frame.
10 16. The video projector device of claim 14, wherein:
the depth-sensing frame is longer than the non-depth-sensing frame.
7. The video projector device of claim 14, wherein:

the at least one control circuit is controllable to selectively operate in a first mode
in which the at least one control circuit uses a limited number of one or more frames to obtain
10 depth data regarding the object in the field of view, and in a second mode in which the at least one

control circuit continuously obtains depth data regarding object in the field of view.
18. A video projector device, comprising:
a light source which emits visible light;
a driver which drives the light source;
20 al least one optical component which projects the visible light in a field of view:

a sensor which senses visible light, including visible light which is reflected from

at least one object in the field of view, the sensor comprising a plurality of pixels; and

at least one control circuit which provides a gated sub-frame in which the light

source 1s driven in a pulsed mode while the sensor is operated in a gated mode, followed by the
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light source being driven in a continuous mode while the sensor is read to obtain hight intensity

values, where the at least one control circuit derives depth data regarding the at least one object in
the field of view based on the light intensity values, using a time-of-flight principle, and the light
source and the optical component are used for video projection and for time-of-tlight

measurement, wherein

the at least one control circuit provides an ungated sub-frame in which the light
source is driven in the pulsed mode while the sensor is operated in an ungated mode, followed by
the light source being driven in the continuous mode while the sensor 1s read to obtain light

intensity values, where the at least one control circuit adjusts the light intensity values obtained
during the gated sub-frame based on the light intensity values obtained during the ungated sub-

frame, to compensate for reflectivity of the at least one object in the field of view.
19. The video projector device of claim 18, wherein:

the at least one control circuit provides at least one background sub-frame in
which no visible light is emitted while the sensor is operated in a gated mode, followed by the
light source being driven in the continuous mode while the sensor is read to obtain light intensity
values, where the at least one control circuit adjusts the light intensity values obtained during the
gated sub-frame based on the light intensity values obtained during the background sub-frame, to

compensate for background light in the field of view.
20. The video projector device of claim 19, wherein:
the at least one control circuit provides two of the background sub-frames in a frame.

21. The video projector device of any one of claims 18 to 20, wherein:

the at least one control circuit provides a color sub-frame in which the light source
1s driven in the continuous mode while the sensor is operated in a standard color sensing mode,
followed by the lightsource being driven in the continuous mode while the sensor 1s read to obtain

light intensity values which include color data from the field of view.

22. The video projector device of any one of claims 18 to 21, wherein:
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the at least one control circuit provides a sub-frame in which the light source 1s

driven in the continuous mode while the sensor s active.
23. The video projector device of any one of claims 18 to 22, wherein:

the at least one control circuit drives the light source using triangular shaped

pulses during the gated sub-frame.
24, The video projector device of any one of claims 18 to 23, wherein:

the at least one control circuit drives the light source using pulses which each have
at least one of’ (a) a leading cdge which transitions higher at a ratc which is below a step up rate
of the light source, and (b) a trailing edge which transitions lower at a rate which is below a step

down rate of the light source.
25, The video projector device of any one of claims 18 to 24, wherein:

the light source, at least one optical component, the at least one control circuit and

the sensor are provided in a common housing.
26, The video projector device of any one of claims 18 to 25, further comprising;:

at least one light-transmissive [.CD panel which encodes video information onto

the visible light, the at least one light-transmissive LCD panel comprising a plurality of pixels.
27, The video projector device of any one of claims 18 to 26, wherein:

the at least one control circuit focuses the at least one optical component based on

the depth data.
28. The video projector device of claim 27, wherein:

the at least one control circuit provides an ungated sub-frame in which the light
source is driven in the pulsed mode while the sensor 1s operated in an ungated mode, and no
visible light 1s emitted in a frame at a time other than during the gated sub-frame and the ungated

sub-trame.
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