Systems and Methods For Motion-Vector-Aided Video Interpolation Using Real-Time
Smooth Video Playback Speed Variation

FIELD OF THE INVENTION

[0001] The present invention generally relates to playback of video content and more
specifically to enabling a playback device to vary the playback speed of the video in real time
while maintaining a frame rate at each different playback speed by interpolating additional

frames in real time.

BACKGROUND

[0002] Distributing video media from content providers to content consumers often requires
transmitting large amounts of data across a network. These large videos are often a challenge to
process, store, and transmit. In order to allow for the playback of video content on different
devices with various processing capabilities, many content providers store different versions of
the same video content encoded at different resolutions and/or maximum bitrates (e.g., High
Definition, and Standard Definition) and are thus able to distribute different encodings of a piece
of video content to a playback device based on prevailing network conditions. Network
conditions are especially important when streaming video content in real-time since network
deterioration may result in a stuttering effect of the video being played back on the playback
device. The size of an original piece of video content may be reduced by re-encoding the video
using different encoding parameters such as (but not limited to) picture resolution (e.g., 720p,
1080p, 4k, etc.), frame rate (i.e., 24, 30, 48, 60 frames per second, etc.), bitrate (e.g., 12 Mbps,
40 Mbps, etc.), frame size, color depth, among various other characteristics of the video.

[0003] Most standard video playback has historically been delivered at a range of between
24 and 30 frames per second. However, many of today’s video games, as well as an increasing
portion of TV sets are able to render video at higher rates, and often up to 60 frames per second
and beyond. This increased frame rate can provide the user with a smoother, more fluid viewing
experience and is generally considered to resemble real world movement. However, distributing
video at such frame rates often requires a significant amount of bandwidth capacity being made
available on the network.

[0004] Furthermore, media distributed by content providers to content consumers is often

encoded using a variety of video compression standards that facilitate the distribution of the



content across a network. Well known compression standards include H.264/MPEG-4 AVC,
published by the ITU-T Video Coding Experts Group (VCEG) together with the ISO/IEC JTC1
Moving Picture Experts Group (MPEG), and the newer High Efficiency Video Coding (HEVC)
standard, MPEG-H Part 2, developed by MPEG and VCEG, both of which are herein
incorporated by reference. Video compression or video encoding typically involves compressing
the amount of information used to describe the frames of video in a video sequence in order to
reduce the consumption of network resources when distributing content. Media playback
devices may include a video decoder used to decode an encoded video prior to playback on the
device. However, video decoded from an encoded video elementary bit stream is often limited
to playback at the particular encoding profile at which the video was initially encoded. In
particular, the frame rate used to play back a video is typically determined based on the
particular encoding profile used to encode the video and varying the playback speed of a video

may effect the viewing quality of the video.

SUMMARY OF THE INVENTION

[0005] Many different applications can benefit from the ability to smoothly vary the
playback speed of a video sequence by interpolating additional frames between frames in the
sequence in real time, including video games, surveillance, video editing, among various others.
However, currently reducing the speed of video in real-time, if the speed is reduced sufficiently
and the frame rate of the original video file is not high enough, produces a stuttering effect
whereby the motion does not look smooth and natural to a viewer. Generally, this becomes
observable to the human eye when the playback frame rates are reduced below 18-20 images per
second. Likewise, if speed is increased, there may be cases when a frame required for smooth
motion is missing in the frames of the video sequence, and a closest frame may be repeated for
display. This may also produce a small visual stutter. Several embodiments of the invention
allow for playback at adjustable playback speeds by interpolating the necessary number of
frames to playback the encoded video at a desired frame rate that provides a smooth viewing
quality. In particular, since the motion data are stored as vectors, new frames may be
interpolated for any particular time interval between a series of frames and thus the playback
device is able to playback the video at any desired playback speed while retaining a smooth

video viewing experience.




[0006] There can also be a significant benefit to distributing video content encoded at a
reduced size yet providing the same level of image quality as the original video encoding.
However, re-encoding video to reduce the size of the encoded video content, when the original
video content has already been efficiently encoded, generally results in a reduction of the quality
of the video played back by a playback device. Many embodiments of the invention are able to
encode video by decreasing the number of frames and inserting motion vectors that can be used
to interpolate the deleted frames during playback.

[0007] Systems and methods in accordance with embodiments of the invention encode and
play back video at adjustable playback speeds by interpolating frames to achieve smooth
playback. One embodiment includes a source encoder that includes a processor, memory
including an encoder application, where the encoder application directs the processor to: select a
subset of frames from a first video sequence; generate motion vectors describing frames from the
first video sequence that are not part of the selected subset of frames, where each motion vector
describes movement between a frame in the subset of frames and a frame not included in the
subset of frames; store the motion vectors; decimate frames not included in the subset of frames
from the first video sequence to generate a second video sequence having a nominal frame rate
less than the frame rate of the first video sequence; and encode the second video sequence at the
nominal frame rate.

[0008] In a further embodiment, the encoder application directs the processor to store the
motion vectors encoded as pixels within frames in the subset of frames.

[0009] In another embodiment, a motion vector includes an angle component and a
magnitude component, where the angle component is stored within a hue value of a pixel and the
magnitude component is stored within a brightness value of a pixel.

[0010] In a still further embodiment, the subset of pixels are located within a portion of the
frame that is not displayed during playback of the decoded frame.

[0011] In yet another embodiment, the encoder application configures the processor to
encode the new video sequence as a sequence of intra and inter frames.

[0012] In yet another embodiment, each motion vector describes the movement of at least
one pixel between a frame and at least one subsequent frame in the first video sequence.

{0013]




[0014] In a further embodiment, the motion vectors are stored in a separate file, and each
motion vector corresponds to a particular frame in the subset of frames.

[0015) In a still further embodiment, the encoder application configures the processor to:
compute a motion vector for each pixel in a frame in the subset of frames; and compress motion
vectors of a subset of neighboring pixels in the frame to generate a new motion vector.

[0016] In a still further embodiment, the encoder application configures the processor to:
compute a motion vector for each pixel in a frame in the subset of frames; and discard a plurality
of motion vectors to generate a set of motion vectors describing a frame that is not in the subset
of frames.

[0017] A further additional embodiment includes a playback device that includes a processor
configured to communicate with a memory, where the memory contains a media player
application and a decoder application, where the decoder application directs the processor to:
configure a video decoder based upon encoding parameters including a nominal frame rate;
decode encoded frames of video using the video decoder to provide decoded frames of video at
the nominal frame rate; where the media player application directs the processor to: configure a
video decoder to decode encoded frames of video by providing the decoder application with
encoding parameters including a nominal frame rate; extract a set of motion vectors describing a
frame of video that can be interpolated based upon at least one decoded frame of video received
from the video decoder; and interpolate at least one interpolated frame using the set of motion
vectors and the at least one frame of decoded video; and playback a sequence of frames of video
including at least one decoded frame of video and at least one interpolated frame of video.

[0018] In a further embodiment, the media player application directs the processor to extract
a set of motion vectors describing at least one interpolated frame of video from a subset of pixels
in at least one decoded frame of video.

[0019] In another embodiment, the media player application directs the processor to analyze
a hue value of a pixel in a decoded frame of video to determine an angle of a motion vector and
analyze a brightness value of a pixel to determine a magnitude of a motion vector.

[0020] In a still further embodiment, the media player application directs the processor to:
determine a playback speed for the decoded video; and interpolate a number of new frames

based on the playback speed and the nominal frame rate of the encoded video.




[0021] In a yet further embodiment, the media player application directs the processor to
compute motion vectors describing each pixel in an interpolated frame using the set of motion
vectors and bilinear filtering.

[0022] In yet another embodiment, the media player application directs the processor to
playback a sequence of frames comprising at least one decoded frame followed by at least one
interpolated frame.

[0023] In a further embodiment, the media player application directs the processor to extract
a set of motion vectors describing at least one interpolated frame from red, green, blue pixel
values of at least one pixel in at least one decoded frame.

[0024] In another embodiment, the media player application directs the processor to extract
the set of motion vectors describing a frame of video that can be interpolated based upon at least
one decoded frame of video received from the video decoder from pixels located in a subset of
rows of the at least one decoded frame.

[0025] In still another embodiment, media player application directs the processor to
playback the portion of the at least one decoded frame that does not contain rows of pixels from
which motion vectors are extracted.

[0026] In a further embodiment, the set of motion vectors are extracted from a separate file.
[0027] In still a further embodiment, the media player application configures the processor
to: determine a change in the playback speed of the decoded video; and interpolate a number of
frames between decoded frames of video to maintain a frame rate of the decoded video at the

changed playback speed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIG. 1 is a network diagram of a system for distributing video encoded with motion
vectors in accordance with an embodiment of the invention.

[0029] FIG. 2 conceptually illustrates a server configured to encode video with motion
vectors in accordance with an embodiment of the invention.

[0030] FIG. 3 conceptually illustrates a playback device configured to play back video

encoded with motion vectors in accordance with an embodiment of the invention.




[0031] FIG. 4 is a flow chart illustrating a process for encoding and decoding video at a
frame rate that is higher than the frame rate of the encoded video stream by interpolating the
encoded frames using motion vectors in accordance with an embodiment of the invention.

[0032] FIG. 5 is a flow chart illustrating a process for encoding motion vectors as additional
pixels in a video frame in accordance with an embodiment of the invention.

[0033] FIG. 6 is a flow chart illustrating a process for using motion vectors to interpolate
additional frames from the decoded frames of a video sequence in accordance with an

embodiment of the invention.

DETAILED DESCRIPTION

[0034] Turming now to the drawings, systems and methods for encoding and playing back
video at adjustable playback speeds by interpolating frames to achieve smooth playback in
accordance with embodiments of the invention are illustrated. In a number of embodiments, re-
encoding video at a reduced frame rate may reduce the size of an encoded video sequence. To
reduce the number of frames in a video encoding and yet maintain the quality of the video, many
embodiments compute and store motion vectors describing the frames of the originally encoded
video content that are deleted during the re-encoding of the video at the lower frame rate. These
motion vectors are stored in such a way that they can be accessed following the decoding of the
re-encoded video sequence. In this way, the motion vectors may be used to interpolate the
deleted frames during playback to enable playback of the video sequence at the original frame
rate, despite the video sequence being encoded at the lower frame rate. Furthermore, a playback
device may use the motion vectors to maintain the visual quality of the video content when
varying playback speed in real-time. Many embodiments maintain visual quality of video
content at different playback speeds by interpolating additional frames of video as needed to
maintain a particular frame rate at the particular playback speed. In particular, since the motion
data of pixels between a series of frames may be stored as vectors with a direction and length
(i.e., magnitude) component, new frames may be interpolated between a series of frames for any
particular time interval (i.e., playback speed) by computing an estimate of the amount a pixel is
likely to move in the direction of the motion vector during a specific time interval. The motion

vectors provide the positions of moving objects at times between a first and second frame and




thus one or more interpolated frames inserted between the first and second frames can show the
objects at the interpolated positions indicated by the motion vectors.

[0035] In order to generate the motion vectors, many embodiments analyze data regarding
how pixels move between frames and save the movement data as motion vectors. In several
embodiments, the motion vectors may be embedded in the video frames that are encoded to
create a reduced frame rate video sequence. In other embodiments, the motion vectors may be
stored in a separate location within the video elementary bitstream, a separate location within a
container file, and/or within a separate file that accompanies the encoded video. In several
embodiments, the motion vectors are encoded to require less storage space than the video frames
deleted from the original sequence of (encoded) video frames thus reducing the size of the
original encoded video. Accordingly, the reduced size of the encoded video may reduce the
storage space utilized when storing the encoded video. Furthermore, the reduced size of the
encoded video may facilitate the distribution and subsequent processing of the encoded video
across networks. In particular, the reduced size of the encoded video may reduce the amount of
network bandwidth utilized when distributing the encoded video.

[0036] In several embodiments, the motion vectors provide a direction and distance that one
or a collection of pixels relative to their locations in one or more video frames. In many
embodiments, the motion vectors may describe the forward movement of pixels through
subsequent frames of a video sequence relative to a particular reference frame. In some
embodiments, the motion vectors may also describe the backwards movement of pixels through
preceding frames of a video relative to the particular reference frame. In certain embodiments, a
motion vector is stored using Cartesian coordinates (i.e., (X,y) movement) that provide a numeric
offset of a number of pixels by which a particular pixel moves between frames. Numerous
embodiments may define the motion vectors using polar coordinates (i.e., distance, angle). In
several embodiments, the motion vectors may be encoded as additional pixels within a frame.
Several embodiments may use hue-saturation-lightness (HSL) or hue-saturation-brightness
(HSB) representations in a red, green, blue (RGB) color model to encode motion vectors. In
particular, in some embodiments that use polar coordinates, an angle component of a motion
vector may be stored as a hue value of a pixel and the length component of the motion vector
may be stored as the brightness value of the pixel. Using hue and brightness values of a pixel to

store the motion vectors may provide for an increased level of precision regarding the movement




of the pixels relative to the motion vectors used in encoding inter frames (i.e. frames encoded by
reference to one or more frames in the video sequence). Furthermore, the hue and brightness
values of a pixel are generally subject to less loss of information during subsequent encodings
that may be applied to a video sequence in comparison to other color values of a pixel such as
the red, green or blue component values.

[0037] In order to allow for real time decoding of the color information to extract motion
vectors and perform interpolation of one or more frames of video, some embodiments use a
graphics processing unit (GPU) within a playback device capable of performing many operations
in parallel. The term GPU is generally used to describe a class of electronic circuits designed to
rapidly manipulate and alter memory to accelerate the creation of images in a frame buffer
intended for output to a display. Many GPUs exploit a highly parallel structure, which makes
them more effective than general-purpose processors for algorithms where processing of large
blocks of data can be performed in parallel. Several embodiments utilize lookup tables that
output a hue angle based upon the red, green and blue color component values of a pixel. This
can provide a dramatically increased frame rate with negligible overhead.

[0038] Systems and methods for systems and methods for encoding and playing back video
at adjustable playback speeds by interpolating frames to achieve smooth playback in accordance

with embodiments of the invention are discussed further below.

SYSTEM ARCHITURE FOR DISTRIBUTING VIDEO WITH ADJUSTABLE PLAYBACK

[0039] A system for encoding and playing back video at adjustable playback speeds by
interpolating frames to achieve smooth playback interpolating the encoded frames using motion
vector data in accordance with an embodiment of the invention is illustrated in FIG. 1. The
system 100 includes a source encoder 102 configured to encode original video content into
encoded video. In many embodiments, the source encoder may be used to reduce the size of the
encoded video content relative to the original video content, which may itself have already been
efficiently encoded at a higher nominal frame rate. In particular, in several embodiments the
source encoder may reduce the size of the encoded video by reducing the number of frames in
the video, which thereby reduces the nominal frame rate of the video. The term “nominal frame
rate” is used here to indicate the rate at which the video is decoded by a video decoder. As is

discussed further below, the encoding of the video contemplates playback at a higher frame rate




than the nominal frame rate by the interpolation of decoded frames and/or playback at different
playback speeds at the nominal or a specified frame rate by interpolating frames. Therefore, the
nominal frame rate indicates the number of encoded frames decoded during a specified time
interval by a video decoder and is typically specified in a header of a video file containing the
encoded video. In certain embodiments, the source encoder may reduce the size of an encoded
video by modifying other characteristics of the video, including (but not limited to) picture
resolution, frame size, bitrate, and/or color encoding. In order to reduce the size of an encoded
video by reducing the frame rate, the source encoder in many embodiments may compute and
store motion vectors describing the movement of pixels between frames of the source video
sequence and delete frames from the source video sequence described by the motion vectors.
[0040] The source encoder 102 may store different versions of the same video content within
the media source storage 103. A version of a piece of video content may include video encoded
at a certain encoding profile that specifies a particular set of encoding parameters used to encode
the video. The encoding parameters may specify, for example, the nominal frame rate, picture
resolution, frame size, and/or bitrate used to encode the video. The source encoder may re-
encode the video content at a reduced nominal frame rate, and including computed motion
vectors in order to further facilitate for the distribution of the encoded video across a network.
Well known compression standards that can be used to encode the sequence of frames contained
within the re-encoded video content can include, among various other standards, the
H.264/MEPG-4 AVC and the newer HEVC standard. The generation of motion vectors in
accordance with various embodiments of the invention are discussed further below.

[0041] In the illustrated embodiment, the source encoder is a server including one or more
processors directed by an encoding software application. In other embodiments, the source
encoder can be any processing device including a processor and sufficient resources to perform
the transcoding of source media including (but not limited to) video, audio, and/or subtitles. In
some embodiments, the encoded video is then uploaded to a distribution server 104. In many
embodiments, source encoder uploads the encoded video.

[0042] In a number of embodiments, the distribution server 104 distributes the encoded
video to one or more playback devices 105-107 using one or more distribution channels. The
distribution server may distribute the encoded video to different playback devices requesting

video. In many embodiments, the distribution server receives and processes download requests



from a variety of playback devices that seek to download the encoded video. When the
distribution server receives a download request from a playback device, it can provide the
playback device with access to download the encoded video. The encoded video may include
motion vectors that the playback device can use to interpolate additional frames. A distribution
server 104 can also push video content encoded in accordance with embodiments of the
invention to playback devices.

[0043] In some embodiments, the distribution server receives requests to stream video
content from a variety of playback devices and subsequently streams the encoded video to the
playback devices for playback. In several embodiments, the variety of playback devices can use
HTTP or another appropriate stateless protocol to request streams via a network 108 such as the
Internet. In several embodiments, a variety of playback devices can use RTSP whereby the
distribution server records the state of each playback device and determines the video to stream
based upon instructions received from the playback devices and stored data describing the state
of the playback device.

[0044]  During the playback of video encoded in accordance with various embodiment of the
invention, a playback device may initially decode encoded frames of video contained within an
elementary bitstream by configuring a decoder based upon encoding parameters provided to the
playback device describing the encoding of the elementary bitsteam. In several embodiments,
the encoding parameters specify characteristics of the encoded video including (but not limited
to) a resolution for the encoded frames of video and a nominal frame rate for the encoded frames
of video. Video encoding techniques, such as (but not limited to) block based encoding
techniques, can encode blocks of pixels within a frame of video by referencing a corresponding
block of pixels in a previous and/or subsequent frame of video. The references are typically
referred to as motion vectors, because they specify the movement of the block of pixels between
frames. During the decoding process, a video decoder on a playback device can use motion
vector data within an encoded frame of video to decode the frame of video based upon other
decoded frames in the video sequence.

[0045] In several embodiments, additional encoding parameters describe characteristics of
motion vectors that can be used to interpolate additional frames using the decoded frames from
the elementary bitstream. A playback device in accordance with many embodiments of the

invention can utilize the additional encoding parameters describing motion vectors that can be
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used to interpolate additional frames to obtain an additional set of motion vector data, either
embedded within the decoded frames of video (i.e. recovered after the encoded video sequence is
decoded) or stored separately. The additional set of motion vector data can be used to interpolate
additional frames of video between frames from the decoded video sequence as needed based on
a desired playback speed and/or frame rate.

[0046] In the illustrated embodiment, playback devices include personal computers 105-106
and mobile phones 107. In other embodiments, playback devices can include consumer
electronics devices such as DVD players, Blu-ray players, televisions, set top boxes, video game
consoles, tablets, and other devices that are capable of connecting to a server and playing back
encoded video. Although a specific architecture is shown in FIG. 1, any of a variety of
architectures can be utilized that enable playback devices to request video encoded with motion
vectors that may be used to interpolate additional frames as necessary for playback of video at
different frame rates as appropriate to the requirements of specific applications in accordance
with embodiments of the invention.

[0047] The basic architecture of a source encoder in accordance with an embodiment of the
invention is illustrated in FIG. 2. The source encoder 200 includes a processor 210 in
communication with non-volatile memory 230, volatile memory 220, and a network interface
240. In the illustrated embodiment, the non-volatile memory 220 includes a video encoder 232
that configures the processor to encode video. In some embodiments, the video encoder may
also reduce the size of an original piece of encoded video content by reducing the number of
frames in the video sequence and generating motion vectors that may be used to interpolate the
deleted frames during playback. In several embodiments, the network interface 240 may be in
communication with the processor 210, the volatile memory 220, and/or the non-volatile
memory 230. Although a specific source encoder architecture is illustrated in FIG. 2, any of a
variety of architectures including architectures where the video encoder is located on disk or
some other form of storage and is loaded into volatile memory at runtime can be utilized to
implement source encoders in accordance with embodiments of the invention.

[0048] The basic architecture of a playback device in accordance with an embodiment of the
invention is illustrated in FIG. 3. The playback device 300 includes a processor 310 in
communication with non-volatile memory 330, volatile memory 320, and a network interface

340. The processor 310 can be implemented using one or more general purpose processors, one
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or more graphics processors, one or more FPGAs, and/or one or more ASICs. In the illustrated
embodiment, the non-volatile memory 320 includes a video decoder 332 that configures the
processor to decode encoded video and a media player application 334 configured to obtain
encoded video and deliver an elementary bitstream of encoded video to the video decoder. In
many embodiments, the media player application 334 may also extract motion vectors from the
decoded video frames returned by the video decoder 332 and interpolate additional video frames
using motion vector data obtained by the media player application as needed for different
playback speeds of the video during playback. As noted above, the motion vector data can be
embedded in the decoded frames and/or obtained from a variety of locations including (but not
limited to) user data within the elementary bitstream, data within a container file containing the
encoded video, and/or a separate file obtained using a manifest that identifies the encoded video
and the location of the motion vector data.

[0049] In several embodiments, the network interface 340 may be in communication with the
processor 310, the volatile memory 320, and/or the non-volatile memory 330. Although a
specific playback device architecture is illustrated in FIG. 3, any of a variety of architectures
including architectures where the applications are located on disk or some other form of storage
and is loaded into volatile memory at runtime can be utilized to implement playback devices in

accordance with embodiments of the invention,

ENCODING INTERPOLATION FRAMES USING MOTION VECTORS

[0050] As described above, many embodiments of the invention are able to reduce the size of
an original piece of encoded video by reducing the number of frames in the video sequence and
storing motion vectors that may be used to interpolate the deleted frames. Furthermore, these
motion vectors may be used during playback to modify the playback speed of the video and yet
maintain a smooth video viewing experience. A process for encoding video at a nominal frame
rate and generating motion vectors that can be utilized to interpolate additional frames in
accordance with embodiments of the invention is illustrated in FIG. 4.

[0051] The process 400 commences by selecting (405) a subset of frames from an original
video sequence. In some embodiments, the process selects the subset of frames to include in a
new video sequence by selecting each N™ frame in the sequence of frames, thereby reducing the

number of frames in the new video sequence. For example, if the process selects every other
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frame in a sequence that includes an even number of total frames Z, starting from N (i.e., N,
N+2, ... Z), the process may be able to reduce the number of frames in the new video sequence
to 'z the number of frames in the original video sequence (i.e., Z/2). Other embodiments may
select frames using other mechanisms. Some embodiments may additionally select certain types
of frames in the decoded video to be part of the subset of frames used to generate the new
encoded video sequence. In particular, in MPEG video compression, frames may be designed as
intra frames (e.g. [-frames), or inter-frames (e.g. P-frames, and B-frames) depending on different
characteristics of the frame with respect to the encoding standard. An inter frame is a video
frame that does not require other frames to decode; an inter frame may use data from a one or
more additional decoded frames in the sequence of frames to decode. In some embodiments, the
process may select the intra frames in the video sequence to include in the subset of frames and
only delete frames that are inter frames.

[0052] The process generates (410), for each of the frames in the original video sequence
that are not selected within the subset, motion vectors that describe the frames in terms of the
movement of pixels in frames that are selected as part of the subset of frames from the original
video sequence. In some embodiments, each pixel in a frame is described by a motion vector. In
several embodiments, the motion vectors for the pixels may be compressed. In particular, in
videos that show images where neighboring pixels in a frame generally move in the same
direction as one another, the motion vectors may be compressed and/or a reduced number of
motion vectors may be used to describe the movement of a collection of neighboring pixels.
This may be particularly useful when computing motion vectors for videos that have certain
characteristic optical flows, such as videos used to show a view moving along a path through a
static environment. Several other embodiments may use a block of pixels (e.g., an 8x8 block or
a 16x16 block) to generate a motion vector.

[0053] To compute a motion vector, the movement of one or more pixels may be analyzed
across one or more frames of the original video sequence. In several embodiments, the process
analyzes movement of pixels between a reference first frame (i.e., n) and a subsequent second
frame (i.e., nt1). The motion vectors indicate interpolated positions of pixels at times between
the first and second frames.

[0054] In some embodiments, the process analyzes movement of pixels between a reference

frame (i.e., n) and one or more subsequent frames (i.c., n, n+1, ... n+r). Certain embodiments
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may analyze the movement of pixels between a reference frame that has been included in the
subset of frames and the subsequent frames in the original video until reaching the next frame
that is also included in the selected subset of frames. For example, if the subset of frames
selected from the original video includes every 3" frame (i.e., n, nt+3, n+6, etc.) and the original
video has a total of z frames such that the total number of frames has been reduced by z/3, then
the process may compute for the reference frame n, the movement of the pixels through two
subsequent frames of video (i.e., n+1, n+2) and will not analyze the n+3™ frame since this is the
next reference frame that has been included in the subset of frames and for which motion vectors
may be calculated.

[0055] Several embodiments may also analyze the movement of pixels through preceding
frames (i.e., n-1, n-2, etc.) relative to a reference frame (i.e., n). Based on the movement of
pixels through the one or more frames of video relative to the reference frame, the process may
compute motion vectors that describe the direction and the movement of the pixels through the
frames. Some embodiments may store the components of the motion vectors using Cartesian
coordinates that specify a set of [x,y] coordinates in a two dimensional plane while other
embodiments may use polar coordinates that specify a [distance, angle]. Other embodiments
may use different coordinate systems and/or values for the motion vectors.

[0056] The process stores (415) the motion vectors describing the movement of pixels
between at least a first frame in the subset of frames and at least a second frame that is not in the
subset of frames. In some embodiments, the motion vectors are stored within one of the
reference frames used in computing the motion vectors. Further details regarding processes for
storing motion vectors within a frame arc described in detail below with reference to FIG. 5. In
other embodiments, the motion vectors may be stored separately of the pixel data of a frame of
video.

[0057] The process decimates (420) the frames not included in the subset of frames from the
original video sequence to generate a new video sequence. In some embodiments, the process
generates a new video sequence by copying the subset of frames from the original video
sequence into the new video sequence. In other embodiments, the process removes frames from
the sequence of frames in the original video sequence in order to generate the new video
sequence. Other embodiments may decimate the frames from the original video sequence using

other mechanisms.
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[0058] In many embodiments, the process encodes (425) the new video, including the motion
vectors, using standardized compression techniques (e.g., MPEG, HEVC, etc.). As described
above, many of the standardized compression techniques compute their own set of motion
vectors in order to encode inter frames. As some embodiments store the motion vectors within
the frames of video, the subsequent encoding of these frames introduces a different set of motion
vectors that may be used to decode the video. The motion vectors used to encode the inter
frames are generally unavailable during playback of a video. A decoder typically returns
decoded frames and does not expose the motion vectors relating the pixels or blocks of pixels
within the frames. Thus by embedding the additional motion vectors within the frames, or
separately, many embodiments of the invention are able to interpolate frames during the real-
time playback of the video on a device using decoded frames output by a decoder. The process
then completes.

[0059] Although specific encoding processes are described above with reference to FIG. 4,
any of a variety of processes can be utilized to select a subset of video frames from encoding at a
nominal frame rate and generate motion vectors for all of the frames discarded from the original
video sequence as appropriate to the requirements of specific applications in accordance with
embodiments of the invention. Processes for embedding motion vectors for use in interpolation
of additional frames within the decoded frames of a video sequence in accordance with various

embodiments of the invention are discussed further below.

ENCODING MOTION VECTORS WITHIN FRAMES

[0060] As described above, some embodiments may encode the motion vectors within
frames of video and these embedded motion vectors may be used to interpolate deleted frames of
an original video sequence and/or additional frames and thus allow a playback device to vary the
playback speed of the video while maintaining the viewing quality of the video.  Some
embodiments encode the motion vectors using color values of pixels in a frame of video. The
color values used to store components of the motion vectors may be a pixel’s red, green, and/or
blue color values in the RGB color space, and/or a hue, saturation, and/or brightness value within
the HSB color model, among various other color models.

[0061] A process for encoding motion vectors within the video data of a decoded video

frame in accordance with an embodiment of the invention is illustrated in FIG. 5. The process
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500 generates (505) a set of motion vectors for a frame of video. Various processes for
generating motion vectors are described above with reference to FIG. 4. As described above, the
motion vectors may be defined using Cartesian coordinates or Polar coordinates. In the
Cartesian coordinate system, a motion vector is usually represented by an X and Y component.
For example, if a pixel moves 3 pixels to the right and 5.5 pixels upward, it can be represented
by the vector (3, 5.5). In the polar coordinate system, a motion vector is usually represented by a
distance and an angle (e.g., 0-360 degrees).

[0062] The process encodes (510) each motion vector within a corresponding frame of video.
In particular, for a particular motion vector, the process may encode the motion vector within the
color information of the pixels of a frame. Pixels may have red, green, and blue color values
(i.e., RGB). Some embodiments may store a motion vector’s X component as a red color value
and the Y component as a green color value. In the RGB color space, each R, G, B color
component may have a range from 0 to 255 and thus a motion vector may be encoded with a
range of [0,0] to [255, 255] pixels. Certain embodiments may shift the values to include
negative values (e.g., [-128,-128] to [127,127]) and thus provide for a range of movement within
different quadrants of the x,y plane. Furthermore, some embodiments may provide a greater
level of precision by using a sub-pixel range of movement by dividing the range by the level of
sub-pixel accuracy desired. For example, to obtain a .25 pixel movement, the range of 128 may
be divided by 4. This provides a greater degree of accuracy at the expense of a shorter range. In
this example, the range would be decreased to [-32,-32] to [31.75, 31.75] pixels. Using a greater
degree of accuracy may become problematic when pixels in a video are moving fast.

[0063] As described above, a problem with storing the motion vectors in the RGB values of a
frame may arise when the frames are subsequently encoded using standard compression
techniques, which tend to heavily compress the color information of a pixel yet preserve the
luminance values of pixels. Thus, storing the motion vectors using the RGB values may cause
the motion vectors to be less accurate when the RGB values of the pixels are subsequently
decoded.

[0064] In order to both provide a greater level of precision for the motion vectors and to
preserve the pixel values during a subsequent encoding, many embodiments store the motion
vectors using polar coordinates embedded using the hue and the brightness value of a pixel. In

particular, these embodiments may use the HSB (hue, saturation, brightness) color model, with
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the hue value of a pixel corresponding to an angle of the motion vector and the brightness
corresponding to the length of the motion vector. Many embodiments use the hue and brightness
values of pixels to store the components of the motion vectors in order to preserve the motion
vector data and minimize the loss of data that may occur during a subsequent encoding of the
video using a standardized compression mechanism. In particular, many compression techniques
compress video images based on how the human brain interprets images and not based on
mathematical accuracy. Thus, as noted above, luminance is preserved well, but color
information is generally heavily compressed since the human brain is more sensitive to contrast
rather than color differences. Thus, using hue and brightness values to store the motion vector
data helps preserve this data during subsequent encoding and decoding of the video frames.
[0065] The hue color model (or hue color spectrum) describes the range of colors along the
color spectrum using angles. For example, in the hue color model, 0 degrees represents red, 60
degrees represents yellow, and so forth for the entire color spectrum. Given that polar
coordinates are also defined using angles, the hue color model is well suited for storing the
angular component of motion vectors. In particular, a motion vector may be embedded by
storing the angle of the motion vector within the hue value of a pixel and the length within the
brightness of a pixel. The brightness of a pixel may range from 0 to 255 and is generally highly
accurate even after encoding since most standardized compression techniques preserve a pixel’s
brightness value with a higher degree of precision than a pixel’s color values. Thus for
example, a motion vector that is pointing 127 units to the right may be represented by a pixel
with a red hue value (i.e. 0 degrees) at half intensity (i.e., 127). As can be readily appreciated,
using the hue and brightness values of a pixel to store motion vectors allows the movement of
pixels to be described in a full 360 degree rotation at a full range of 255 pixels in every direction.
This provides a larger range compared to the [x,y] range that would otherwise be available using
the RGB color components (i.e., [0,0] to [255, 255]), and even in situations where the range is
lowered to allow for sub-pixel accuracy.

[0066] In some embodiments, the size of a frame is increased to store the motion vectors. In
particular some embodiments may append rows of pixels to the bottom portion of a frame that
contain the values of motion vectors. For example, a 720x1280p video may add in an additional
30 rows of pixels in order to add a total of 38,400 pixels (i.e., 30 x 1280) storing the values of

motion vectors. Other embodiments may use a number of rows of pixels appropriate to the
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requirements of specific applications to store an appropriate number of motion vectors to enable
the interpolation of intermediate frames between encoded frames in a decoded video sequence.
Where the number of motion vectors is smaller than the number of pixels in a frame, motion
vectors corresponding to specific pixel locations can be encoded and/or the pixel locations of the
motion vectors encoded with the motion vector data. In many embodiments, a playback device
may not display the portion of a frame that contains pixels corresponding to motion vectors.
Other embodiments may store the motion vectors at different locations within a frame such as
the top, sides, in certain areas within the frame or within a header and/or metadata corresponding
to the video. Furthermore, as described above, other embodiments may store the motion vectors
elsewhere within a container file, and/or in a separate file and provide references within the file
to frames of video in the encoded video.

[0067] Although specific processes for encoding motion vectors are described above with
respect to FIG. 5 any of a variety of processes can be utilized to encode motion vectors as
appropriate to the requirements of specific applications in accordance with embodiments of the

invention.

DECODING FRAMES AND USING MOTION VECTORS TO INTERPOLATE
INTERMEDIATE FRAMES

[0068] A playback device may request and receive an encoded video sequence with
embedded motion vectors and use the motion vectors to playback the video at a higher frame rate
than the nominal frame rate of the encoded video. This is particularly useful in allowing a
playback device to adjust the playback speed of a video sequence while maintaining a frame rate
that provides a smooth visual quality to the video. For example, the playback speed may be
slowed to any particular speed and the playback device may be able to generate new frames in
real-time in order to maintain the frame rate of the video and avoid a stuttering effect that would
otherwise become apparent without the additional interpolated frames. A process for using
motion vectors to interpolate frames from the decoded frames of an encoded video sequence in
accordance with an embodiment of the invention is illustrated in FIG. 6.

[0069] The process 600 extracts (605) encoded frames from the encoded video sequence.
The encoded video may be streamed to a playback device from a distribution server and the

playback device may store the streamed frames of encoded video within a buffer.
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[0070] The process provides (610) the encoded frames to a decoder for decoding. Based on
the particular encoding standard used to encode the frames of the video, the process may use an
appropriate standards based decoder. Typically, encoding parameters are provided with the
encoded video and the encoding parameters are utilized to configure the video decoder. A key
parameter for configuring the video decoder is the frame rate of the video sequence. As noted
above, the frame rate of the encoded video is the nominal frame rate or rate at which encoded
frames are provided to the video decoder. A media player application can playback video at a
higher frame rate by using the decoded frames output by the decoder for presentation at the
nominal frame rate and the motion vectors to interpolate additional frames. The process next
determines (615) whether a given playback speed of the video on the device requires
interpolating additional frames. If the playback speed does not require interpolating additional
frames, the process plays back (630) the decoded frames of video. For example, if an encoded
video is received with a frame rate of 30 frames per second and the playback device is playing
back the video at a normal speed (i.c., without increasing or decreasing the playback speed), then
the device can play back the decoded video at the same frame rate of 30 frames per seconds.
However, if the device adjusts the playback speed to either increase or decrease the speed of the
video, this may require interpolating additional frames in order to maintain the smooth visual
quality of the video. Note that increasing the speed may not involve changing the frame rate at
which video is played back. In many video games movement through a virtual world can
involve displaying frames based upon motion. Therefore, slowing the speed of movement may
involve interpolation in order to maintain the same frame rate at the slower rate of motion.
Accordingly, processes in accordance with embodiments of the invention can interpolate frames
to increase frame rate and/or to maintain frame rate in circumstances where additional spacing in
time is desired between playback of decoded frames.

[0071] When the process determines (615) that it needs additional frames during playback,
the process extracts (620) motion vectors for interpolating one or more additional frames using
one or more decoded frames. As described above, motion vectors may be extracted during the
real-time playback of a video sequence and used to interpolate additional frames when needed to
provide a smooth viewing experience even when the playback speed of the video is being
adjusted. In order to allow for the interpolation of frames during the real-time playback, some

embodiments store motion vectors in a location that is readily available to the playback device
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and thus can be quickly processed to interpolate additional frames. In several embodiments, the
motion vectors are stored as additional pixels within decoded frames. In these embodiments, the
process is able to analyze the motion vectors embedded within a particular decoded frame in
order to interpolate additional frames. Some embodiments may extract the motion vectors from
a separate file that accompanies an encoded video sequence.

[0072] Other embodiments may encode the motion vectors within the pixel data of the
decoded frames and a playback device may extract these motion vectors by analyzing the frame.
In particular, the motion vectors may be extracted based on the color values of a subset of pixels
within the frame. For example, the motion vectors may be embedded within pixels in the last 30
rows of a frame for a video encoded at 720p or the last 50 rows for a video encoded at 1080p.
The specific number of rows/motion vectors typically depends upon the requirements of a
specific application.

[0073] Furthermore, as described above, the motion vectors may be embedded in the color
values of the pixels, including one or more of the RGB values, the hue values, and/or the
brightness values. In particular, many embodiments store the angle component of a motion
vector using a hue value of a pixel and the length component of the motion vector using the
brightness value of the pixel. In embodiments that use hue values to store the angle of a motion
vector, these embodiments may use the graphics processing unit (GPU) in order to facilitate the
real time decoding of the hue data. Several other embodiments may use look-up tables with a
pixels’ red, green and blue component values corresponding to an angle.

[0074] The process interpolates (620) additional frames using motion vectors and the one or
more decoded frames based on the particular playback speed at which the video is to be played.
For example, if the encoded video is provided at a frame rate of 30 frames per second and the
playback device has specified a playback speed of the video at /2 the normal speed, in order to
maintain the visual quality of the video (i.e., by maintaining a frame rate of 30 frames per
second), the playback device would need to double the number of frames in the video sequence
in order to maintain the same frame rate at 2 playback speed. In some embodiments, new
frames are generated by starting with the pixel data in the closest reference frame provided by
the decoded video. Then, using the motion vectors extracted for the particular reference frame,

some embodiments interpolate the new pixel location at the point in the new frame.

-20-




[0075] In several embodiments, in order to interpolate a new frame, the process computes a
value for each pixel in the new frame based on the pixel values of a reference frame and the
motion vectors provided by the reference frame. However, in many embodiments, the number of
motion vectors in a reference frame may be less than the number of pixels in a frame and thus in
order to determine the movement of every pixel from the reference frame to a new frame, a
number of embodiments apply bilinear filtering to compute motion vectors for every pixel in the
frame based upon the motion vectors that are specified. This is particularly useful in video
images where neighboring motion vectors share similar properties such as video of motion along
a straight line through a static environment. For example, for a video taken from the vantage
point of a person walking down a path in a forest, as the person moves along the path, the
neighboring pixels will move in a similar manner relative to each other. Thus in this type of
video, a smaller set of motion vectors may be stored and the values of pixels may be interpolated
using bilinear filtering.

[0076] The process displays (630) the decoded frames, including the reference frame
followed by the interpolated frames until the next decoded frame. The process determines (635)
whether there are more encoded frames that need to be played back on the device. If there are
more encoded frames, the process returns to (605). Otherwise, the process completes.

[0077] Specific processes for decoding video for playback on playback devices are described
above with reference to FIG. 6, however, any variety of processes may be utilized for decoding
frames of encoded video and interpolating additional frames using the decoded frames as
appropriate to the requirements of specific playback devices in accordance with embodiments of
the invention.

[0078] Although the present invention has been described in certain specific aspects, many
additional modifications and variations would be apparent to those skilled in the art. It is
therefore to be understood that the present invention may be practiced otherwise than specifically
described. Thus, embodiments of the present invention should be considered in all respects as
illustrative and not restrictive. Accordingly, the scope of the invention should be determined not

by the embodiments illustrated, but by the appended claims and their equivalents.
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WHAT IS CLAIMED IS:

1. A source encoder, comprising:
a processor;
memory including an encoder application;
where the encoder application directs the processor to:
select a subset of frames from a first video sequence;
generate motion vectors describing frames from the first video sequence that are
not part of the selected subset of frames, wherein each motion vector describes movement
between a frame in the subset of frames and a frame not included in the subset of frames;
store the motion vectors;
decimate frames not included in the subset of frames from the first video
sequence to generate a second video sequence having a nominal frame rate less than the
frame rate of the first video sequence; and

encode the second video sequence at the nominal frame rate.

2. The source encoder of claim 1, wherein the encoder application directs the

processor to store the motion vectors encoded as pixels within frames in the subset of frames.
3. The source encoder of claim 2, wherein a motion vector comprises an angle
component and a magnitude component, wherein the angle component is stored within a hue

value of a pixel and the magnitude component is stored within a brightness value of a pixel.

4. The source encoder of claim 2, wherein the subset of pixels are located within a

portion of the frame that is not displayed during playback of the decoded frame.

5. The source encoder of claim 1, wherein the encoder application configures the

processor to encode the new video sequence as a sequence of intra and inter frames.
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6. The source encoder of claim 1, wherein cach motion vector describes the
movement of at least one pixel between a frame and at least one subsequent frame in the first

video sequence.

7. The source encoder of claim 1, wherein the motion vectors are stored in a separate

file, and each motion vector corresponds to a particular frame in the subset of frames.

8. The source encoder of claim 1, wherein the encoder application configures the
processor to:
compute a motion vector for each pixel in a frame in the subset of frames; and
compress motion vectors of a subsct of neighboring pixels in the frame to

generate a new motion vector.

9. The source encoder of claim 1, wherein the encoder application configures the
processor to:
compute a motion vector for each pixel in a frame in the subset of frames; and
discard a plurality of motion vectors to generate a set of motion vectors describing

a frame that is not in the subset of frames.

10. A playback device, comprising
a processor configured to communicate with a memory, where the memory
contains a media player application and a decoder application;

wherein the decoder application directs the processor to:

configure a video decoder based upon encoding parameters including a
nominal frame rate;

decode encoded frames of video using the video decoder to provide
decoded frames of video at the nominal frame rate;
wherein the media player application directs the processor to:

configure a video decoder to decode encoded frames of video by
providing the decoder application with encoding parameters including a nominal

frame rate;
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extract a set of motion vectors describing a frame of video that can be
interpolated based upon at least one decoded frame of video received from the
video decoder; and

interpolate at least one interpolated frame using the set of motion vectors
and the at least one frame of decoded video; and

playback a sequence of frames of video including at least one decoded

frame of video and at least one interpolated frame of video.

11.  The playback device of claim 10, wherein the media player application directs the
processor to extract a set of motion vectors describing at least one interpolated frame of video

from a subset of pixels in at least one decoded frame of video.

12 The playback device of claim 11, wherein the media player application directs the
processor to analyze a hue value of a pixel in a decoded frame of video to determine an angle of
a motion vector and analyze a brightness value of a pixel to determine a magnitude of a motion

vector.

13.  The playback device of claim 10, wherein the media player application directs the
processor to:
determine a playback speed for the decoded video; and
interpolate a number of new frames based on the playback speed and the nominal

frame rate of the encoded video.

14.  The playback device of claim 10, wherein the media player application directs the
processor to compute motion vectors describing each pixel in an interpolated frame using the set

of motion vectors and bilinear filtering.
15.  The playback device of claim 10, wherein the media player application directs the

processor to playback a sequence of frames comprising at least one decoded frame followed by

at least one interpolated frame.
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16.  The playback device of claim 10, wherein the media player application directs the
processor to extract a set of motion vectors describing at least one interpolated frame from red,

green, blue pixel values of at least one pixel in at least one decoded frame.

17.  The playback device of claim 10, wherein the media player application directs the
processor to extract the set of motion vectors describing a frame of video that can be interpolated
based upon at least one decoded frame of video received from the video decoder from pixels

located in a subset of rows of the at least one decoded frame.

18.  The playback device of claim 17, wherein the media player application directs the
processor to playback the portion of the at least one decoded frame that does not contain rows of

pixels from which motion vectors are extracted.

19.  The playback device of claim 10, wherein the set of motion vectors are extracted

from a separate file.

20.  The playback device of claim 10, wherein the media player application configures
the processor to:

determine a change in the playback speed of the decoded video; and

interpolate a number of frames between decoded frames of video to maintain a frame rate

of the decoded video at the changed playback speed.
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