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SCALABLE VIDEO ENCODING RATE ADAPTATION

BASED ON PERCEIVED QUALITY

CLAIM FOR PRIORITY

This application claims priority to U.S. Patent Application Serial No.
14/227,729, filed on 27 March, 2014, titled “SCALABLE VIDEO ENCODING
RATE ADAPTATION BASED ON PERCEIVED QUALITY”, and which is
incorporated by reference in entirety.

BACKGROUND

Video encoding technology enables efficient transmission of digital video.
Some real-time video streaming applications, such as video conferencing, are
particularly demanding because user experience depends on efficient and robust
encoding techniques for minimal delay and adequate image quality. Wireless channels
as a platform for video transmission further constrain encoding technology because
the underlying networks often have very dynamic channel bandwidth.

The number of bits required for encoding each video frame is referred to as the
encoding rate and is often not constant throughout a video sequence. Rate control is
implemented at the video encoder to guarantee successful decoding and displaying of
the video data streamed into the decoder. Video codecs have adjustable compression
parameters to increase or decrease the encoding rates in order to accommodate the
different transmission bandwidths of the various types of channels.

Provisions for Scalable Video Coding (SVC) are included in Annex G
extension of the H.264/MPEG-4 Part 10 Advanced Video Codec (AVC) video
compression standard. The H.264 standard has been prepared by the Joint Video
Team (JVT), which includes ITU-T SG16 Q.6, also known as VCEG (Video Coding
Expert Group), and of the ISO-IEC JTC1/SC29/WG11 (2003), known as MPEG
(Motion Picture Expert Group). SVC standardizes the encoding of a video bit stream
that also contains one or more subset bit stream requiring less bandwidth. The subset
bit streams may support different spatial resolutions (screen sizes), different temporal
resolutions (frame rates), or different quality (SNR) video signals.

SVC technology may be useful in real-time video streaming applications as a
means of dealing with variations in encoder bitrate budget. Within the SVC standard

there is considerable latitude for implementations that may offer a superior video
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streaming service as there is a complex relationship between video quality and the
quantity of the data needed to represent the video (i.e., bitrate). In general, the higher
the bitrate, the more accurate is the spatial frequency spectrum approximation of an
encoder. Yet, higher accuracy may not necessary yield higher perceived quality for

the human viewer.

BRIEF DESCRIPTION OF THE DRAWINGS

The material described herein is illustrated by way of example and not by way
of limitation in the accompanying figures. For simplicity and clarity of illustration,
elements illustrated in the figures are not necessarily drawn to scale. For example, the
dimensions of some elements may be exaggerated relative to other elements for
clarity. Further, where considered appropriate, reference labels have been repeated
among the figures to indicate corresponding or analogous elements. In the figures:

FIG. 1 is a functional block diagram of a perceived quality-based video
encoding rate control architecture, in accordance with an embodiment;

FIG. 2 is a flow diagram illustrating a perceived quality-based video encoding
rate control method, in accordance with an embodiment;

FIG. 3A is a flow diagram illustrating a method of associating a KPI target
with a perceived quality target, in accordance with an embodiment;

FIG. 3B is a flow diagram illustrating a method for generating a hierarchically
encoded stream based on perceived quality;

FIG. 4A is a data flow diagram further illustrating determination of a PSNR
target in accordance with an exemplary embodiment;

FIG. 4B is a data flow diagram further illustrating generation of a
hierarchically encoded stream based on PSNR target, in accordance with an
embodiment;

FIG. 4C is a functional block diagram further illustrating how a calibration
non-hierarchically encoded stream is employed as a basis for rate control of a
hierarchically encoded stream;

FIG. 5A illustrates a simulcast structure spanning a range of perceived
qualities;

FIGS. 5B and 5C illustrate two hierarchical structures generated with

perceived quality-based rate control, in accordance with embodiments;
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FIG. 6A illustrates an exemplary temporal-quality structure including three
distinct scaled streams constructed based on perceived quality levels, in accordance
with an embodiment;

FIG. 6B illustrates a perceived quality-based hierarchical structure adaptation
in response to network congestion, in accordance with an embodiment;

FIG. 7 illustrates a method for adapting a perceived quality guided hierarchical
structure, in accordance with an embodiment;

FIG. 8A illustrates an exemplary two-stream structure that may be constructed
in real time for a best-perceived quality permitted by the current bitrate budget, in
accordance with an embodiment;

FIG. 8B illustrates adaptation of the two-stream structure illustrated in FIG.
8A in response to network congestion, in accordance with embodiments;

FIG. 9 is a functional block diagram illustrating a networked communication
system configured for perceived quality-guided video encoding rate adaptation in
conformance with one or more embodiments;

FIG. 10 is a diagram of an exemplary system, in accordance with an
embodiment; and

FIG. 11 is a diagram of an exemplary system, arranged in accordance with an
embodiment.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

One or more embodiments are described with reference to the enclosed
figures. While specific configurations and arrangements are depicted and discussed in
detail, it should be understood that this is done for illustrative purposes only. Persons
skilled in the relevant art will recognize that other configurations and arrangements
are possible without departing from the spirit and scope of the description. It will be
apparent to those skilled in the relevant art that techniques and/or arrangements
described herein may be employed in a variety of other systems and applications
beyond what is described in detail herein.

Reference is made in the following detailed description to the accompanying
drawings, which form a part hereof and illustrate exemplary embodiments. Further, it
is to be understood that other embodiments may be utilized and structural and/or
logical changes may be made without departing from the scope of claimed subject

matter. Therefore, the following detailed description is not to be taken in a limiting
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sense and the scope of claimed subject matter is defined solely by the appended
claims and their equivalents.

In the following description, numerous details are set forth, however, it will be
apparent to one skilled in the art, that embodiments may be practiced without these
specific details. Well-known methods and devices are shown in block diagram form,
rather than in detail, to avoid obscuring more significant aspects. References
throughout this specification to “an embodiment” or “one embodiment” mean that a
particular feature, structure, function, or characteristic described in connection with
the embodiment is included in at least one embodiment. Thus, the appearances of the
phrase “in an embodiment” or “in one embodiment” in various places throughout this
specification are not necessarily referring to the same embodiment. Furthermore, the
particular features, structures, functions, or characteristics described in the context of
an embodiment may be combined in any suitable manner in one or more
embodiments. For example, a first embodiment may be combined with a second
embodiment anywhere the particular features, structures, functions, or characteristics
associated with the two embodiments are not mutually exclusive.

As used in the description of the exemplary embodiments and the appended

(Y950 N 14
a

claims, the singular forms an” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will also be understood that
the term “and/or” as used herein refers to and encompasses any and all possible
combinations of one or more of the associated listed items.

As used throughout the description, and in the claims, a list of items joined by
the term “at least one of” or “one or more of” can mean any combination of the listed
terms. For example, the phrase “at least one of A, B or C” can mean A; B; C; A and
B; Aand C; Band C; or A, B and C.

The terms “coupled” and “connected,” along with their derivatives, may be
used herein to describe functional or structural relationships between components. It
should be understood that these terms are not intended as synonyms for each other.
Rather, in particular embodiments, “connected” may be used to indicate that two or
more elements are in direct physical, optical, or electrical contact with each other.
“Coupled” may be used to indicated that two or more elements are in either direct or
indirect (with other intervening elements between them) physical, optical, or electrical
contact with each other, and/or that the two or more elements co-operate or interact

with each other (e.g., as in a cause an effect relationship).
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Some portions of the detailed descriptions provide herein are presented in
terms of algorithms and symbolic representations of operations on data bits within a
computer memory. Unless specifically stated otherwise, as apparent from the

following discussion, it is appreciated that throughout the description, discussions

k13 2% <

utilizing terms such as “calculating,” “computing,” “determining” “estimating”

b IN19 29 ¢ 29 < k19

“storing” “collecting” “displaying,” “receiving,” “consolidating,” “generating,”
“updating,” or the like, refer to the action and processes of a computer system, or
similar electronic computing device, that manipulates and transforms data represented
as physical (electronic) quantitics within the computer system's circuitry including
registers and memories into other data similarly represented as physical quantities
within the computer system memories or registers or other such information storage,
transmission or display devices.

While the following description sets forth various implementations that may
be manifested in architectures such system-on-a-chip (SoC) architectures or GPU
architectures for example, implementation of the techniques and/or arrangements
described herein are not restricted to particular architectures and/or computing
systems and may be implemented by any architecture and/or computing system for
similar purposes. Various architectures employing, for example, multiple integrated
circuit (IC) chips and/or packages, and/or various computing devices and/or consumer
electronic (CE) devices such as set-top boxes, smartphones, etc., may implement the
techniques and/or arrangements described herein. Further, while the following
description may set forth numerous specific details such as logic implementations,
types and interrelationships of system components, logic partitioning/integration
choices, etc., claimed subject matter may be practiced without such specific details.
Furthermore, some material such as, for example, control structures and full software
instruction sequences, may not be shown in detail in order not to obscure the material
disclosed herein.

Certain portions of the material disclosed herein are implemented in hardware,
for example as logic circuitry in a graphics processor. Certain other portions may be
implemented in hardware, firmware, software, or any combination thereof. At least
some of the material disclosed herein may also be implemented as instructions stored
on a machine-readable medium, which may be read and executed by one or more

processors (graphics processors and/or central processors). A machine-readable

medium may include any medium and/or mechanism for storing or transmitting
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information in a form readable by a machine (e.g., a computing device). For example,
a machine-readable medium may include read only memory (ROM); random access
memory (RAM); magnetic disk storage media; optical storage media; flash memory
devices; electrical, optical, acoustical, or other similarly non-transitory, tangible
media.

One or more system, apparatus, method, and computer readable media are
described below for encoding scalable video structures based on user perceived, or
subjective, quality. In embodiments, quality-based rate control is performed with a
quality measure determining the encoding configuration. Rate adaptation is provided
through real-time (e.g., per frame) control over the perceived quality metric target and
hierarchical encoding structure to maintain the best subjective quality level for the
contemporaneous network conditions. In embodiments, an objective quality measure
is associated with a subjective quality measure and the objective quality measure is
utilized as a basis for controlling/adapting the encoder configuration.

In embodiments, a video encoding bitrate is determined by a perceived-quality
based rate controller targeting a predetermined perceived quality. FIG. 1 is a
functional block diagram of a perceived quality-based video encoding rate control
architecture 101, in accordance with an embodiment. Architecture 101 includes an
encoder 130, which in the exemplary embodiment is a hardware accelerated encoder
core implementing a codec in conformance with one or more of the H.264 standard,
H.265 (HEVC) ISO/IEC 23008-2 MPEG-H Part 2 and ITU-T H.265 standard, VP8
(RFC 6386) standard, or VP9. Encoder 130 is configured into a mode with a fixed
quantization parameter (QP) and no internal rate control. During operation, encoder
130 receives a raw frame N (e.g., in YUV) format from a memory, and outputs an
encoded bit stream, which may then be buffered into a memory, for example within a
transmission or display pipeline. The encoded bit stream is further monitored by video
perceived quality estimator 140, which may be local to encoder 130, or at a remote
receiver. In the exemplary embodiment, video quality estimator 140 performs a
perceptual evaluation of video quality (PEVQ) of the encoder output. The interested
reader is referred to the International Standard ITU-T Recommendation J.247(08/08)
for further information pertaining to PEVQ. PEVQ may include an algorithm for
scoring the picture quality of a video segment by means of a 5-point Mean Opinion
Score (MOS). The measurement algorithm executed by estimator 140 can assess

visible artifacts caused by the digital video encoding/decoding process, and is
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typically based on a non-linear, weighted combination of objective parameters, such
as bitrate, frame rate, packet loss rate, jitter, etc.

In the exemplary embodiment illustrated in FIG. 1, a “no reference”
measurement algorithm is employed where the originating quality of the source
reference is unknown and an estimate of MOS (eMOS) is generated based only on the
encoded bit stream. An eMOS may be determined for a video sequence, for example
extending over a last N video frames, with a higher eMOS associated with better
perceived quality. Video perceived quality estimator 140 is coupled to control logic
145 responsible for configuring parameters of encoder 130 affecting the encoding
rate. In one exemplary embodiment, control logic 145 outputs an encoder control
signal coupled to encoder 130 that specifies the QP value to be employed for
encoding of a subsequent video frame or sequence of frames that will best match the
eMOS to a target perceived quality level or threshold (e.g., 3.5, 4.0, 4.5, etc.).

In an embodiment, video frames are encoded into a hierarchical stream using
encoding parameter values determined based on an encoding performance indicator
target associated with a perceived quality target assigned to each layer of the
hiecrarchical stream. FIG. 2 is a flow diagram illustrating a perceived quality-based
video encoding rate control method 201, in accordance with one embodiment. Method
201 begins at operation 205 with receiving raw video frames, such as frame 105 in
FIG. 1. At operation 210 perceived quality level targets are assigned to layers of a
hierarchical structure.

The hierarchical stream structure includes a base layer and one or more
temporal enhancement layer, and/or one or more quality (SNR) enhancement layer.
One or more spatial enhancement layer may also be present. Generally, a hierarchical
structure may increase coding efficiency through inter-layer prediction where a
dependent enhancement layer sample is predicted from lower layer pictures (reference
layers). A stream of the lowest hierarchical layer is constructed from base layer
temporal frames, referred to as “key” frames. These base layer temporal frames are
encoded to a base layer quality and base layer spatial resolution. The dependent
streams may be constructed from combinations of temporal enhancement layers,
increasing frame rate beyond that of the key frames. Each of the temporal
enhancement layers may further have one or more quality layers and/or spatial

resolutions.
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The various layers of a given hierarchy are assigned a perceived quality metric
target. The assignment may be based on a current bitrate budget received at operation
215. One perceived quality score or level (e.g., eMOS 4) might be assigned to all
layers of a given hierarchy. For example, multiple temporal enhancement layers (e.g.,
a dyadic 4 structure) may be associated with one perceived quality level. Multiple
perceived quality levels may also be associated with a hierarchical structure. For
example, base layer quality frames may be associated with a lower eMOS than are
enhancement layer quality frames.

At operation 220, an encoding key performance indicator (KPT) is determined
for the perceived quality target value associated with each layer of a hierarchical
stream. The encoding KPT is an objective metric that may advantageously guide the
encoder in different spatial/temporal/quantization structures where variable temporal
reference distances between frames of dependent layers might otherwise complicate
the perceived quality estimation of a scaled output stream. The encoding KPI, once
associated with a perceived quality level, may enable perceived quality encoder rate
control for a scalable output stream.

Method 201 continues at operation 230 where frames are encoded in one or
more hierarchical stream based on a target encoding KPI target. As described further
below, the contemporaneous (instantaneous) bitrate budget and quality target may be
utilized to select encode candidate frames to construct a perceived quality-based
hierarchical structure substantially in real-time. Alternatively, one or more
predetermined structures targeting a particular perceived quality range may be
prepared at operation 230 with any frame drop then to occur at a later stage, again
based on the instantaneous bitrate budget and perceived quality target. Method 201
completes at operation 240 with output of the hierarchically encoded stream that is
scalable from a lowest-perceived quality level to the best-perceived quality level as a
function of the instantaneous network conditions.

As noted above, a perceived quality measurement algorithm, such as a NR
eMOS estimator, suitable for perceived quality-based rate control of a single-layer
output stream may be susceptible to error as the motion vector/residual ratio changes
in a multi-layered stream. As such, in certain embodiments herein, the encoding KPI
is determined for a given perceived quality target using a full reference (FR) PEVQ
architecture. In the exemplary embodiment, the KPI is signal-to-noise ratio (SNR),

and more particularly a peak SNR (PSNR), such as but not limited to luma PSNR
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(PSNRY). PSNR may be determined based on a difference analysis between a raw
video frame and a corresponding reconstructed reference frame. In further
embodiments, one or more KPI statistics, such as, but not limited to, a PSNR mean,
PSNR median, PSNR max, PSNR min, PSNR standard deviation, PSNR quartile, etc.
may be associated with a perceived quality level (e.g., eMOS) determined for a given
frame sequence. Furthermore, while the inventors have found PSNR to be an
advantageous KPI, other objective metrics, such as, but not limited to, the structural
similarity (SSIM) index may be similarly utilized.

FIG. 3A is a flow diagram illustrating a method 301 for associating a KPI
target with a perceived quality level target, in accordance with an embodiment.
Method 301 may be performed as part of operation 220 in FIG. 2 during a calibration
phase directed toward extracting a unique KPI target for a particular video scene that
can be used to control encoding of the frames into any scalable video structure.
Method 301 begins with receiving raw video frames at operation 205. The frames are
encoded into a calibration structure having a fixed frame rate that is suitable for
perceived quality-controlled encoding. In one exemplary embodiment, the calibration
structure is a single layer stream with a predetermined and constant maximum frame
rate. At operation 315, the perceived quality of encoded frames is estimated, for
example with NR eMOS estimator logic. Based on the instantaneous bitrate budget
received or determined in any conventional manner at operation 215, a perceived
quality level target is selected for the video scene at operation 320. For example, with
a sufficient bitrate budget, an eMOS target score of 4.5 may be selected. Where
instantancous bitrate budget is lower, a target eMOS of 4.0, or even 3.5 may be
selected at operation 320. At operation 330, eMOS quality-controlled encoding
parameter values corresponding to the perceived quality target are determined by
floating the quality-controlled encoding parameter and iteratively encoding frames
following the calibration structure until the perceived quality target is achieved. For
example, QP may be floated with each QP value iteration selected to reduce the
difference between the eMOS associated with frames from the last QP iteration and
the target eMOS. In this manner, the perceived quality level (e.g., eMOS) is used to
optimize an encoding parameter (e.g., QP) for all frames in the calibration structure.

Method 301 continues with calculating a KPI associated with the
reconstructed calibration structure as encoded with the perceived quality optimized

encoding parameter. At operation 340, one or more frame encoded with the optimized
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encoding parameter (e.g., QP of the threshold iteration) is reconstructed. At operation
350, a reconstructed frame is compared to the corresponding raw frame to generate an
associated KPI. For example, a perceived quality associated PSNR value is generated
based on the difference between a frame encoded with a QP value that was
determined to bring the eMOS up to the eMOS target for frames in the calibration
structure. Method 301 then ends with output of the KPI value that is now associated
with a particular perceived quality level.

Method 301 may be repeated for each change in perceived quality target.
Method 301 may be repeated as needed in substantially real time. For a given scene,
method 301 may be performed multiple times during a calibration phase to map a
number of KPI values to a range of perceived quality targets spanning a minimum to
maximum bitrate budget. For example, for a specific scene, a target PSNR of 40 dB
may be mapped to a target eMOS of 4.5, a target PSNR of 30 dB may be mapped to a
target eMOS of 4.0, and a target PSNR of 25 dB may be mapped to a target eMOS of
3.5 to cover a range of bitrate values which may be encountered as a result of variable
network congestion. Method 301 may also be repeated for each scene change detected
for the received video frames. Repeating method 301 for each scene change may
advantageously improve correlation between the perceived quality level and the
associated encoding KPI. Hence, a range of KPI values may be mapped to perceived
quality levels with each scene change. Method 301 may also be repeated periodically
to maintain a tight mapping between perceived quality levels and associated KPI
values.

In embodiments, frames of a base layer and frames of a hierarchically
predicted enhancement layer are encoded with encoding parameter values determined
based on the encoding KPI value associated with a particular perceived quality level
target. For such embodiments, an eMOS estimate does not need to be recalculated for
any particular scalable structure. FIG. 3B is a flow diagram illustrating a method 302
for generating a hierarchically encoded stream based on a perceived quality level.
Method 302 may be performed for example as part of operation 230 in FIG. 2 and
begins with receiving raw video frames at operation 205. At operation 370, a frame is
encoded into a hierarchical stream structure. In an embodiment, the hierarchical
structure constructed at operation 370 may be adapted in real time based on the
instantaneous bitrate budget determined at operation 215. For such an embodiment,

incoming candidate frames may be selected and encoded as independent key frames,

10
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or as dependent enhancement layer frames, or dropped. In alternative embodiments,
all received frames are encoded into a predetermined hierarchical stream structure. At
operation 375, a KPI of a deconstructed frame is determined. At operation 380, the
encode process is iterated while floating an encoding parameter to optimize that
parameter on the basis of the KPI target that was determined to be associated with a
particular perceived quality level target (e.g., eMOS) at operation 360 (FIG. 3A). As
the encoding parameter is optimized for each frame on the basis of the perceived
quality measure determined for the current bitrate, the hierarchically encoded stream
output at operation 385 is scalable up to a best-perceived quality for the current
network conditions and may be scaled down controllably to incrementally lower
perceived quality levels in response to network congestion.

FIG. 4A is a data flow diagram further illustrating a full reference PEQV
architecture for determining a PSNR target, in accordance with one embodiment of
method 301. FIG. 4B is a data flow diagram further illustrating generation of a
hierarchically encoded stream based on PSNR, in accordance with an embodiment of
method 302. As shown in FIG. 4A, raw frame # and a reference frame #-/ is input
into encoder 410, which operates in a “no rate control” mode. A perceived quality-
based rate control loop includes eMOS estimator 440, which controls determination of
a next QP iteration utilized by encoder 410. For each QP iteration j, a reconstructed
frame # is generated in local decode loop 321. Reconstructed frame # and raw frame #
are input into target PSNR generator 460, which outputs the PSNR value associated
with the eMOS controlled encode process. This PSNR value is then to be used for
KPI control of a multi-layered encode process.

As shown in FIG. 4B, raw frame # and hierarchical reference frame »-k are
input into encoder 470, which is again operating without internal rate control. A KPI-
based rate control loop controls the next QP iteration utilized by encoder 470. Local
decode loop 421 generates a PSNR value for each QP iteration k. QP is thereby
optimized for the frame on the basis of the last PSNR target received from target
PSNR generator 460.

FIG. 4C is a functional block diagram further illustrating how a calibration
non-hierarchically encoded stream is employed as a basis for rate control of a
hierarchically encoded stream. As shown, system 401 includes the two encoders 410
and 470, the first configured to encode a stream suitable for perceived quality-based

rate control (i.e., suitable for control by eMOS estimator 440). In the exemplary
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embodiment, the calibration structure is a single layer structure with no inter-layer
prediction is utilized to encode frames 0,1,2,3, and 4. An encoding KPI target (e.g.,
PSNR target) is generated from corresponding reconstructed reference frames.
Encoder 470 utilizes the target KPI for hierarchically encoding frames 0, 1, 2, 3, 4, for
example with frames 0 and 4 being key frames in a base layer, frame 2 being a first
temporal enhancement layer frame dependent on frame 0, and frames 1 and 3 being
second temporal enhancement layer frames dependent on frames 0 and 2,
respectively.

As further illustrated by the dashed line box around, an encoding KPI target
(e.g., PSNR) may be determined based on the reconstructed hierarchical reference
frame #-k in addition, or in the alternative, to basing the KPI target determination on a
reconstructed single-layer reference frame #-7. In embodiments, for example, a PSNR
target is determined on frames in a highest temporal layer corresponding to the
highest bitrate, which have a temporal reference distance equal to one frame. With the
highest temporal enhancement layer satisfying the additional constraint that & is equal
to 1, the eMOS estimator can be utilized to optimize QP of frames encoded into this
layer. Once frames of the highest temporal enhancement layer are encoded to a target
eMOS level, a difference analysis is performed on one or more frames to arrive at the
associated target PSNR. For such embodiments, a range of KPI targets may be
mapped to perceived quality levels without enlisting a non-hierarchical calibration
structure.

FIG. 5A illustrate a simulcast structure spanning a range of perceived
qualities. FIGS. 5B and 5C illustrate two hierarchical structures generated with
embodiments of the perceived quality-based rate control techniques described herein.
The simulcast structure may be generated with eMOS-controlled encoding processes,
for example employing the architecture illustrated in FIG. 1. Each single-layer stream
is generated at a distinct perceived quality level (e.g., eMOSs of 3.5, 4.0, and 4.5). For
cach stream, an associated PSNR may be determined as described above, and for
embodiments herein, these associated PSNR values may be utilized as targets for rate
control and adaptation of hierarchical encoding structures. FIG. 5B illustrates one
exemplary perceived quality guided hierarchical structure including a temporal base
layer and two temporal enhancement layers, EL 1 and EL 2. Independent frames 0
and 4 are encoded to the temporal base layer at a predetermined perceived quality

level (e.g. eMOS 4.5). Dependent frames 1, 2, and 3, although spanning multiple
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hierarchy levels, are also all encoded to the same predetermined perceived quality
level, for example by employing the target PSNR value L2 associated with the single-
level stream with the eMOS 4.5. FIG. 5C illustrates another perceived quality guided
hierarchical structure having scalable quality (SNR) levels mapped to perceived
quality levels. For this tempo-quality structure, each dependent enhancement quality
level is mapped to a progressively higher perceived quality. In this exemplary
embodiment, all frames encoded to the quality base layer employ a QP based on a
PSNR of L0 associated with eMOS of 3.5. Frame quality is first upscaled by re-
encoding additional refinement slices to achieve PSNR L1 associated with eMOS 4.0,
and then upscaled further by re-encoding on the basis of PSNR L2.

FIG. 6A illustrates an exemplary temporal-quality structure 601 including
three distinct scaled streams 605, 610, and 615 that are constructed in real time based
on levels of perceived quality, in accordance with an embodiment. Streams 605, 610
and 615 are each associated with a distinct perceived quality level (eMOSs of 3.5, 4,
and 4.5, respectively). Frames encoded to each stream are therefore encoded based on
a KPI previously associated with the particular perceived quality level of the stream.
For example, independent key frames 0 and 4 are encoded so to converge on a base
layer perceived quality score of 3.5 using a PSNR that was determined by controlling
QP based on an eMOS estimator. Quality SNR layers are similarly encoded to
progressively higher perceived quality scores. Hence, key frames 0 and 4 are re-
encoded to converge at eMOSs of 4 and 4.5 using appropriate PSNR values to guide
the encoding parameters. For streams with temporal enhancement layers, dependent
frames increasing temporal resolution may be encoded to the corresponding perceived
quality score of the key frames in the stream.

In further embodiments, when a bitrate budget fails to satisfy a bitrate derived
through a perceived quality rate controller targeting a certain perceived quality, the
target perceived quality is reduced to avoid bitrate overflow. Hence the perceived
quality-based rate controller may be adapted in real-time, thereby adapting the
encoding rate in real-time (e.g., with each input frame). Adaptation may be either by
modifying the hierarchical structure, and/or dropping segments of a quality-scaled
stream, and/or by modifying the corresponding KPI target. In embodiments, perceived
quality guided hierarchical structures are adapted in real time in response to variations

in the instantaneous encoding bitrate budget. Because the structures are guided by
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perceived quality, effects of network congestion may impact a user’s perceived level
of quality more predictably than with non-perceived quality scaled streams.

FIG. 6B illustrates an exemplary perceived quality-based hierarchical structure
adaptation in response to network congestion. In this exemplary embodiment, an
initial perceived quality based hierarchical structure has a temporal distance of four
frames, frame N through N+4. The perceived quality levels associated with each
dependent frame are as were described in the context of FIG. 5B. Upon detecting
network congestion, frames N+5 and N+6 are dropped. Because frame N+7 was an
enhancement dependent upon frame N+6 in the prior hierarchical structure, frame
N+7 is demoted to base layer key frame and temporal distance therefore reduced to a
distance of three from frame N+4.

FIG. 7 illustrates a method 701 for adapting a perceived quality guided
hierarchical structure in accordance with an embodiment. Method 701 begins with
receiving raw video frames at operation 205. At operation 710, a tempo-quality
encoding structure is adaptively generated by estimating the perceived quality if a
current frame # is dropped at operation 730. For example, if frame # is frame 1 or 3 in
the exemplary tempo-quality structure in FIG. 6A, a drop can be estimated to
maintain at least a perceived quality of 4.0. At operation 735, an encode candidate
frame #’ is sclected based on the instantancous bitrate budget. For example, if frame »
is frame 1 in the tempo-quality structure in FIG. 6A, frame 1 may be dropped and
frame 2 selected as the encode candidate frame #’ to adapt the structure 601 from
hierarchical streams which have a perceived quality of 4.5 for first, higher bitrate
budget, to a perceived quality of 4.0 for a second, lower bitrate budget. The frames
selectively encoded are output at operation 740 following the perceived quality-
guided hierarchical encoding structure to generate a scaled bit stream having the best-
perceived quality possible for the current network congestion.

In alternative embodiments, a perceived quality scaled structure is fixed and
frames are always encoded with the same dependencies and to the same perceived
quality level(s) regardless of network conditions and current bitrate budget. For such
embodiments, adaptation of the perceived quality scaled structure occurs downstream
of the encoder with frame drop occurring based on instantaneous bitrate budget and
perceived quality score of any frame or hierarchical stream drop. For example,
transfer units or network packets may be dropped to controllably scale the video

transmission to a next lower (or higher) perceived quality. Because the structure is
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scaled as a function of perceived quality, perceived quality is predictably impacted as
segments are dropped.

In embodiments, a KPI target is modified for a given incoming frame. The
KPI target may be selected based on the instantaneous bitrate budget and the
perceived quality score that will result from changing the KPI target for the current
frame. For example, with a range of perceived quality scores mapped to PSNR targets
for a given scene during a calibration phase, the PSNR target employed for
controlling the encoding rate for the frame may be reduced or increased to the next
increment in perceived quality level (above or below a prior quality level) as a
function of the instantancous bitrate. Alternatively, every input frame may be encoded
to multiple KPI target values and one of a plurality of resulting hierarchically encoded
streams is subsequently selected based on the instantaneous bitrate budget.

In further embodiments, in addition to encoding a hierarchical stream as a
primary video stream, a secondary non-hierarchically encoded video stream is also
constructed and transmitted as a means to further improve video transmission
resiliency. The secondary and primary streams may be simulcast with the secondary
stream utilized by a remote decoder only in event of severe network congestion, for
example that results is loss of a key frame of the primary stream. Both the primary
and secondary encoded video streams may be perceived quality guided with the
primary stream scalable over a range of perceived qualities above a lowest perceived
quality threshold and a lowest bitrate of the single-layer secondary stream. FIG. 8A
illustrates an exemplary two-stream structure that may be constructed in real time,
frame-by-frame, to achieve a best perceived quality permitted by the current bitrate
budget, in accordance with an embodiment. Frames in the primary stream 805 are
encoded following a perceived quality-guided temporal hierarchical structure. For
example, each base layer and enhancement layer frame in the primary bit stream is
encoded with a QP that converges to a same eMOS (e.g., 4.5). Key frames included in
the primary stream are further encoded into the independent single layer secondary bit
stream 810 using a QP that converges to a lowest eMOS (e.g., 3.5). The perceived
quality guided primary and secondary streams shown in FIG. 8A may be adapted in
real-time as illustrated in FIG. 8B.

In FIG. 8B, the hierarchical structure of primary bit stream 805 may be
modified in response to network congestion, for example by changing the number of

temporal enhancement layers, and/or increasing/decreasing frame
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temporal/spatial/quality layer level, and/or changing the KPI target employed for
encoding frames of a base layer and any temporal enhancement layers. Beginning
with the current bitrate budget satisfying some threshold, the primary stream is built
from frames encoded with QP values targeting a KPI associated with a highest
perceived quality target (e.g., an eMOS of 4.5). In response to a congestion monitor
detecting minor network congestion that reduces the instantaneous encoding bitrate
budget below a threshold, the perceived quality-controlled encoding rate is reduced to
a lower perceived quality target. Frames associated with the highest quality
enhancement layer may then be dropped and a candidate frame encoded to a new,
reduced PSNR target that was previously mapped to a next lower perceived quality
level. For example, a key frame may be iteratively re-coded beyond a base quality
layer to achieve a PSNR target associated with an eMOS of 4 rather than 4.5. A
candidate frame for a highest temporal enhancement layer associated with an eMOS
over 4 (e.g., 4.5) is also dropped, reducing bitrate for the new perceived quality level.
In response to detecting a network recovery, the highest temporal enhancement layer
is added by encoding a candidate frame to the current perceived quality level (e.g.,
eMOS of 4). For the next key frame, the highest quality enhancement layer is added
by iteratively re-coding the frame beyond the base quality layer to again achieve the
PSNR associated with the eMOS of 4.5. The highest temporal enhancement layer is
then maintained at this highest perceived quality level by encoding an additional
dependent frame with this same target PSNR.

Upon detecting more severe network congestion reducing the bitrate budget
further, primary bit stream 805 is dropped and the secondary bit stream 810 is relied
upon to transmit key frames encoded at a rate that sustains a lowest perceived quality
level (e.g., 3.5). In further embodiments, the secondary stream includes an error
recovery sequence instead of a duplicate key frame. For example, a single forward
error correction (e.g., XOR) packet may be sent for a key frame instead of resending
the key frame. Thus, a structure change may entail changes to either or both the
primary and secondary streams as a function of current bitrate. Where the bit rate
budget falls for example, the primary stream bitrate may be reduced by rate
controlling to a lower perceived quality target and the secondary stream bitrate may
be reduced by changing from a duplicate key frame transmission to transmission of a

key frame error recovery sequence.

16



WO 2015/148862 PCT/US2015/022855

FIG. 9 is a functional block diagram illustrating a networked communication
system 901 configured for perceived quality guided video encoding rate adaptation in
conformance with one or more embodiments described elsewhere herein. System 901
includes a transmit (TX) device 903 A remote from a receive (RX) device 903B.
Transmit device 903 A and receive device 903B may be communicatively coupled
over any conventional network as embodiments are not limited in this respect. In
exemplary applications, transmit device 903A may be a video capture platform and/or
a streaming server platform, while receive device 903B is a video streaming client
platform. In other applications, transmit device 903 A and receive device 903B are
video conferencing devices each having the illustrated video capture and streaming
server/client capabilities.

In an embodiment, device 903 A is configured for perceived quality-based
video capture. Device 903 A includes video input 905 to receive captured video
frames. Encoder core 910 is coupled to video input 905 and outputs an encoded
stream following a particular encoding specification (e.g., H.265, etc.). Device 903A
further includes video driver 930A, which implements hierarchy logic 940A and a
video perceived quality (PQ) estimator 945A. PQ estimator 945A is to estimate
perceived quality of a stream output from encoder core 910, for example generating
an eMOS for a calibration structure or top temporal enhancement layer, as described
elsewhere herein. In the exemplary embodiment, PQ estimator 945A is further
coupled to encoder core 910 to control one or more encoding parameters (e.g., QP) to
achieve a target perceived quality level for the captured/stored video. Hierarchy logic
940A is to associate encoding KPI values to various perceived video quality levels
determined by PQ estimator 945A. In further embodiments, hierarchy logic 940A is to
control encoder core 910 so as to encode input video frames into a PQ-guided scalable
structure in conformance with one or more of the techniques described herein. Device
903A further includes application 920A, through which a user may specify a target
perceived quality level and/or select a perceived-quality guided video encoding rate
control mode that modifies operation of encoder core 910 in conformance with one or
more embodiments described elsewhere herein.

In an embodiment, device 903 A is further configured for perceived quality-
based video transmission. For such embodiments, device 903 A includes network
capacity adapter 960A and network driver 970A. Capacity adapter 960A includes a
remote side rate adapter (RA) 955A and a local side rate adapter 965. Local side RA
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965 receives network status updates from network driver 670A, for example
pertaining to transmission queue occupancy 975A, and/or network congestion monitor
980A. Remote side RA 955A may interface with remote side RA 955B disposed in
receive device 903B, forming an end-to-end (E2E) control loop, for example through
a network side channel. In embodiments, outputs from either remote side RA 955A or
local side RA 965 are coupled into hierarchy logic 940A, which is further configured
to control encoder core 910 to adapt the hierarchical structure of the PQ-guided
scalable video bit stream in real-time (e.g., on a frame-by-frame basis) in response to
network congestion determined based on inputs from RA 955A, 965. Encoded video
streams are encapsulated into network abstraction layer (NAL) units, which are
prioritized by video/network priority mapper 950A. In certain embodiments where a
hierarchical video stream has a fixed structure that includes layers exceeding the
current bitrate budget, NAL units may also be dropped by video/network priority
mapper 950A based on outputs of RA 955A, 965. The NAL units are stored in the
network buffer 915A and then transmitted over the network to device 903B as defined
by routing information and radio parameters controlled by connection access manager
985A.

In certain embodiments, connection access manager 985A is a cognitive radio
configured to dynamically modify radio parameters based on local and/or remote
perceived video quality score. In one example, connection access manager 985A may
dynamically change a path the video stream transmission message take to deliver the
video stream to receive device 903B. In a second example, connection access
manager 985A may dynamically change a frequency band employed by the radio to
transmit the video stream. In a third example, connection access manager 985A may
dynamically change a protocol employed by the radio to transmit the video stream.

For receive device 903B, NAL units are stored in a memory, such as network
buffer 915B. Priority mapper 950B is to extract the perceived quality guided video bit
stream and identifies frames as received or not received. RX perceived quality (PQ)
estimator 945B is to generate a remote NR perceived quality estimate of the received
video stream, for example generating an eMOS estimate substantially as described
above in the context of FIG. 1. In remote video perceived quality control
embodiments, RX PQ estimator 945B may output a remote encoding rate control
signal (e.g., including or based on an encoding parameter such as QP determined by

PX PQ estimator 945B). The remote encoding rate control signal may then be
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transmitted between remote side RA 955B and RA 955A. A received remote video
perceived quality control signal is then input into video driver 930A to change the
video perceived quality target, an associated encoding KPI (e.g., PSNR) target, and/or
to adapt the hierarchical structure of the video stream. Payload data and scaling
information for the video is received by video decoder core 990 and receive-side
hierarchy logic 940B. Decoder core circuitry 990 implements an SVC standard
compliant decoder (e.g., H.265, etc.), and is to decode frames output by jitter buffer
995. Hierarchy logic circuitry 940B is coupled to decoder core 990 and/or jitter buffer
995, and is to determine a response to any lost or delayed video frame or segment
based on the hierarchy information contained in the bit stream metadata. In one such
embodiment, hierarchy logic 940B is to coordinate decoding of received primary and
secondary bit streams to maintain a highest possible video perceived quality level. For
bit streams 805 and 810 illustrated in FIG. 8B for example, hierarchy logic 940B may
combine data from the primary and secondary bit streams, replacing a key frame lost
form the primary stream with a duplicate key frame decoded from the secondary
stream. Alternatively, in response to a lost/late frame in the primary stream, hierarchy
logic 940B may process forward error correction (e.g., XOR) packets received in the
secondary bit stream through error correction circuitry 967 to correct bits received in
the primary bit stream. Hierarchy logic 940B may further initiate a request to
retransmit a lost/late frame, or may initiate a change in the video stream hierarchical
structure utilized by transmit device 903 A. Such a request may be transmitted over
any radio channel, for example between remote side RA 955B and RA 955A. Receive
device 903B further includes congestion indicator 980B and queue occupancy
monitor 975B, which may function in an manner analogous with congestion indicator
980A and queue occupancy monitor 975A to initiate a remote video encoding rate
adjustment. Video frames output from decoder core 990 are processed for display, for
example terminating at video output 905.

FIG. 10 is an illustrative diagram of an exemplary system 1000, in accordance
with embodiments. System 1000 may implement all or a subset of the various
functional blocks depicted in FIG. 10. For example, in one embodiment a graphics
processor 1015 implements a graphics processing system that includes the perceived
quality-based adaptive hierarchical encoder rate controller 140 as was described in
FIG. 9, for example having one or more of the features described elsewhere herein to

perform any of the methods and/or functions described in the context of FIGS. 1-9. In

19



WO 2015/148862 PCT/US2015/022855

one specific exemplary embodiment, graphics processor 1015 includes fixed-function
and/or programmable logic circuitry (e.g., within at least one execution unit (EU), or
shader core) to perform perceived quality-based adaptive rate control of a hardware
accelerated hierarchical stream encoder, and/or perform selective adaptation of a
multi-layered encoding structure, and/or perform selective adaptation of an KPI target
to which a hardware accelerated encoder is controlled. System 1000 may be a mobile
device although system 1000 is not limited to this context. For example, system 1000
may be incorporated into a laptop computer, ultra-laptop computer, tablet, touch pad,
portable computer, handheld computer, palmtop computer, cellular telephone, smart
device (e.g., smart phone, smart tablet or mobile television), mobile internet device
(MID), messaging device, data communication device, and so forth. System 1000
may also be an infrastructure device. For example, system 1000 may be incorporated
into a large format television, set-top box, desktop computer, or other home or
commercial network device.

In various implementations, system 1000 includes a platform 1002 coupled to
a HID 1020. Platform 1002 may receive captured personal media data from a personal
media data services device(s) 1030, a personal media data delivery device(s) 1040, or
other similar content source. A navigation controller 1050 including one or more
navigation features may be used to interact with, for example, platform 1002 and/or
HID 1020. Each of these components is described in greater detail below.

In various implementations, platform 1002 may include any combination of a
chipset 1005, processor 1010, memory 1012, storage 1014, graphics processor 1015,
applications 1016 and/or radio 1018. Chipset 1005 may provide intercommunication
among processor 1010, memory 1012, storage 1014, graphics processor 1015,
applications 1016, or radio 1018. For example, chipset 1005 may include a storage
adapter (not depicted) capable of providing intercommunication with storage 1014.

Processor 1010 may be implemented as one or more Complex Instruction Set
Computer (CISC) or Reduced Instruction Set Computer (RISC) processors; x86
instruction set compatible processors, multi-core, or any other microprocessor or
central processing unit (CPU). In various implementations, processor 1010 may be a
multi-core processor(s), multi-core mobile processor(s), and so forth.

Memory 1012 may be implemented as a volatile memory device such as, but
not limited to, a Random Access Memory (RAM), Dynamic Random Access Memory
(DRAM), or Static RAM (SRAM).
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Storage 1014 may be implemented as a non-volatile storage device such as,
but not limited to, a magnetic disk drive, optical disk drive, tape drive, an internal
storage device, an attached storage device, flash memory, battery backed-up SDRAM
(synchronous DRAM), and/or a network accessible storage device. In various
implementations, storage 1014 may include technology to increase the storage
performance enhanced protection for valuable digital media when multiple hard
drives are included, for example.

Graphics processor 1015 may perform processing of images such as still or
video media data for display, or perform general computing functions in a highly
parallel manner. Graphics processor 1015 may include one or more GPU, or visual
processing unit (VPU), for example. An analog or digital interface may be used to
communicatively couple graphics processor 1015 and display 1020. For example, the
interface may be any of a High-Definition Multimedia Interface, Display Port,
wireless HDMI, and/or wireless HD compliant techniques. Graphics processor 1015
may be integrated with central processor 1010 onto a single chip (i.e., SoC) as a
graphics core or provided as part of chipset 1005. In some implementations, graphics
processor 1015 may be a stand-alone card communicatively coupled to chipset 1005.
In various exemplary embodiments, graphics processor 1015 and/or central processor
1010 invokes or otherwise implements perceived quality-based adaptive rate control
of multi-layered encoding, for example as described elsewhere herein.

The perceived quality-based adaptive rate control of multi-layered encoding
predicated upon adaptation of hierarchical structures and/or frame encoding
parameters to maximize perceived quality for an instantaneous bitrate budget as
described herein may be implemented in various hardware architectures, cell designs,
or “IP cores.” As still another embodiment, the methods and functions described
herein in the context of graphics processor may be extended to a general-purpose
processor, including a multi-core processor. In further embodiments, the methods and
functions may be implemented in a purpose-built consumer electronics device, such
as a game console processor.

Radio 1018 may include one or more radios capable of transmitting and
receiving signals using various suitable wireless communications techniques. Such
techniques may involve communications across one or more wireless networks.
Example wireless networks include (but are not limited to) wireless local area

networks (WLANSs), wireless personal area networks (WPANSs), wireless metropolitan
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area network (WMANS), cellular networks, and satellite networks. In communicating
across such networks, radio 1018 may operate in accordance with one or more
applicable standards in any version.

In various implementations, HID 1020 may include any television type
monitor or display. HID 1020 may include, for example, a computer display screen,
touch screen display, video monitor, television-like device, and/or a television. HID
1020 may be digital and/or analog. In various implementations, HID 1020 may be a
holographic display. Also, HID 1020 may be a transparent surface that may receive a
visual projection. Such projections may convey various forms of information, images,
and/or objects. For example, such projections may be a visual overlay for a mobile
augmented reality (MAR) application. Under the control of one or more software
applications 1016, platform 1002 may display user interface 1022 on HID 1020.

In various implementations, platform 1002 may receive control signals from
navigation controller 1050 having one or more navigation features. The navigation
features of controller 1050 may be used to interact with user interface 1022, for
example. In embodiments, navigation controller 1050 may be a pointing device that
may be a computer hardware component (specifically, a human interface device) that
allows a user to input spatial (e.g., continuous and multi-dimensional) data into a
computer. Many systems such as graphical user interfaces (GUI), and televisions and
monitors allow the user to control and provide data to the computer or television using
physical gestures.

Movements of the navigation features of controller 1050 may be replicated on
a display (e.g., HID 1020) by movements of a pointer, cursor, focus ring, or other
visual indicators displayed on the display. For example, under the control of software
applications 1016, the navigation features located on navigation controller 1050 may
be mapped to virtual navigation features displayed on user interface 1022, for
example. In embodiments, controller 1050 may not be a separate component but may
be integrated into platform 1002 and/or HID 1020. The present disclosure, however,
is not limited to the elements or in the context shown or described herein.

In various embodiments, system 1000 may be implemented as a wireless
system, a wired system, or a combination of both. When implemented as a wireless
system, system 1000 may include components and interfaces suitable for
communicating over a wireless shared media, such as one or more antennas,

transmitters, receivers, transceivers, amplifiers, filters, control logic, and so forth. An
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example of wireless shared media may include portions of a wireless spectrum, such
as the RF spectrum and so forth. When implemented as a wired system, system 1000
may include components and interfaces suitable for communicating over wired
communications media, such as input/output (I/O) adapters, physical connectors to
connect the I/O adapter with a corresponding wired communications medium, a
network interface card (NIC), disc controller, video controller, audio controller, and
the like. Examples of wired communications media may include a wire, cable, metal
leads, printed circuit board (PCB), backplane, switch fabric, semiconductor material,
twisted-pair wire, co-axial cable, fiber optics, and so forth.

As described above, system 1000 may be embodied in varying physical styles
or form factors. FIG. 11 illustrates embodiments of a small form factor device 1100 in
which system 1100 may be embodied. In embodiments, for example, device 1100
may be implemented as a mobile computing device having wireless capabilities. A
mobile computing device may refer to any device having a processing system and a
mobile power source or supply, such as one or more batteries, for example.

Examples of a mobile computing device may include a personal computer
(PC), laptop computer, ultra-laptop computer, tablet, touch pad, portable computer,
handheld computer, palmtop computer, personal digital assistant (PDA), cellular
telephone, combination cellular telephone/PDA, television, smart device (e.g.,
smartphone, tablet or smart television), mobile internet device (MID), messaging

device, data communication device, and so forth.

Examples of a mobile computing device also may include computers and/or
media capture/transmission devices configured to be worn by a person, such as a wrist
computer, finger computer, ring computer, eyeglass computer, belt-clip computer,
arm-band computer, shoe computers, clothing computers, and other wearable
computers. In various embodiments, for example, a mobile computing device may be
implemented as a smart phone capable of executing computer applications, as well as
voice communications and/or data communications. Although some embodiments
may be described with a mobile computing device implemented as a smart phone by
way of example, it may be appreciated that other embodiments may be implemented
using other wireless mobile computing devices as well. The embodiments are not

limited in this context.

23



WO 2015/148862 PCT/US2015/022855

As shown in FIG. 11, device 1100 may include a housing 1102, a display
1104, an input/output (I/O) device 1106, and an antenna 1108. Device 1100 also may
include navigation features 1112. Display 1104 may include any suitable display unit
for displaying information appropriate for a mobile computing device. I/O device
1206 may include any suitable I/O device for entering information into a mobile
computing device. Examples for I/O device 1106 may include an alphanumeric
keyboard, a numeric keypad, a touch pad, input keys, buttons, switches, microphones,
speakers, voice recognition device and software, and so forth. Information also may
be entered into device 1100 by way of microphone (not shown), and may be
processed by a voice recognition device. Embodiments are not limited in this context.

Various embodiments described herein may be implemented using hardware
clements, software elements, or a combination of both. Examples of hardware
clements or modules include: processors, microprocessors, circuitry, circuit elements
(e.g., transistors, resistors, capacitors, inductors, and so forth), integrated circuits,
application specific integrated circuits (ASIC), programmable logic devices (PLD),
digital signal processors (DSP), field programmable gate array (FPGA), logic gates,
registers, semiconductor device, chips, microchips, chip sets, and so forth. Examples
of software elements or modules include: applications, computer programs,
application programs, system programs, machine programs, operating system
software, middleware, firmware, routines, subroutines, functions, methods,
procedures, software interfaces, application programming interfaces (API), instruction
sets, computing code, computer code, code segments, computer code segments, data
words, values, symbols, or any combination thereof. Determining whether an
embodiment is implemented using hardware elements and/or software elements may
vary in accordance with any number of factors considered for the choice of design,
such as, but not limited to: desired computational rate, power levels, heat tolerances,
processing cycle budget, input data rates, output data rates, memory resources, data
bus speeds and other design or performance constraints.

One or more aspects of at least one embodiment may be implemented by
representative instructions stored on a machine-readable storage medium. Such
instructions may reside, completely or at least partially, within a main memory and/or
within a processor during execution thereof by the machine, the main memory and the
processor portions storing the instructions then also constituting a machine-readable

storage media. Programmable logic circuitry may have registers, state machines, etc.
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configured by the processor implementing the computer readable media. Such logic
circuitry, as programmed, may then be understood to have been physically
transformed into a system falling within the scope of the embodiments described
herein. Instructions representing various logic within the processor, which when read
by a machine may also cause the machine to fabricate logic adhering to the
architectures described herein and/or to perform the techniques described herein. Such
representations, known as cell designs, or IP cores, may be stored on a tangible,
machine-readable medium and supplied to various customers or manufacturing
facilities to load into the fabrication machines that actually make the logic or
processor.

While certain features set forth herein have been described with reference to
various implementations, this description is not intended to be construed in a limiting
sense. Hence, various modifications of the implementations described herein, as well
as other implementations, which are apparent to persons skilled in the art to which the
present disclosure pertains are deemed to be within the spirit and scope of the present
disclosure.

The following examples pertain to particular exemplary embodiments.

In one or more first embodiment, a computer-implemented scalable video
coding (SVC) method includes receiving raw video frames, and encoding the frames
into a hierarchical stream using encoding parameter values determined based on an
encoding key performance index (KPI) target associated with a perceived quality
level target assigned to each layer of the hierarchical stream. The hierarchical stream
is then stored in a memory.

In furtherance of the one or more first embodiment, the method further
includes adapting the encoding of the hierarchical stream to change the perceived
quality level in response to network congestion by dropping a temporal enhancement
layer or encoding frames of any remaining temporal enhancement layer at a reduced
KPI target.

In furtherance of the one or more first embodiment, the method further
includes adapting the encoding of the hierarchical stream to change the perceived
quality level in response to network congestion by changing in a frame temporal,
spatial, or quality layer level within the hierarchical structure.

In furtherance of the one or more first embodiment, the method further

includes determining, for frames in a non-hierarchical structure, an encoding
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parameter value corresponding to a predetermined perceived quality level target by
floating the encoding parameter and iteratively encoding the frames until the
predetermined perceived quality level target is achieved. The method further includes
reconstructing a frame from data encoded with the encoding parameter value,
generating, based on a difference between the reconstructed frame and the
corresponding raw frame, the KPI target associated with the predetermined perceived
quality level target.

In furtherance of the one or more first embodiment, the perceived quality level
target comprises an estimated mean opinion score (eMOS), and the encoding
parameter is a quantization parameter (QP). The KPI target is a peak signal-to-noise
ratio (PSNR), and the same target PSNR value is employed for encoding frames in
any layer of the hierarchical stream associated with the same eMOS.

In furtherance of the one or more first embodiment, the method further
includes determining a current bitrate budget. Encoding the frames into the
hierarchical stream further comprises encoding frames of a base layer and frames of a
hierarchically predicted enhancement layer with encoding parameter values
determined based on a first KPI target associated with a first perceived quality target
in response to the current bitrate budget satisfying a threshold. Encoding the frames
into the hierarchical stream further comprises encoding frames of the base layer and
frames of the hierarchically predicted enhancement layer with encoding parameter
values determined based on a second KPI target associated with a second perceived
quality target, lower than the first perceived quality target, in response to the current
bitrate budget failing to satisfy the threshold.

In furtherance of the one or more first embodiment, the method further
includes determining, for frames in a non-hierarchical structure, a first encoding
parameter value corresponding to the first perceived quality target by floating the first
encoding parameter and iteratively encoding the frames until the first perceived
quality target is achieved. The method further includes reconstructing a frame from
data encoded with the first encoding parameter value.

The method further includes generating, based on a difference between the
reconstructed frame and the corresponding raw frame, the first KPI target associated
with the first perceived quality target. The method further includes determining, for
frames in the non-hierarchical structure, a second encoding parameter value

corresponding to the second perceived quality target by floating the second encoding
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parameter and iteratively encoding the frames until the second perceived quality
target is achieved. The method further includes reconstructing a frame from data
encoded with the second encoding parameter value. The method further includes
generating, based on a difference between the reconstructed frame and the
corresponding raw frame, the second KPI target associated with the second perceived
quality target.

In furtherance of the above embodiment, the method further includes encoding
the base layer frames with encoding parameter values determined based on a first KPI
target further comprises iteratively encoding key frames while floating the encoding
parameter value until the first KPI target is achieved. Encoding the enhancement layer
frames with the first encoding parameter values further comprises iteratively encoding
one or more frame dependent upon the key frames while floating the encoding
parameter value until the first KPI target is achieved.

In furtherance of the one or more first embodiment, the method further
includes constructing a primary encoded video stream comprising the hierarchical
stream, and constructing a secondary encoded video stream associated with a lowest
perceived quality and a lowest bitrate. In further embodiments, encoding the frames
into the hierarchical stream, further comprises encoding the frames into a first
hierarchical stream by encoding frames of a first base layer and frames of a first
hierarchically predicted enhancement layer with encoding parameter values
determined based on a first KPI target associated with a highest perceived quality
target. In further embodiments, the method further comprises encoding the frames
into a second hierarchical stream by encoding frames of a second base layer and
frames of a second hierarchically predicted enhancement layer with encoding
parameter values determined based on a second KPI target associated with a lower
perceived quality target. The method further comprises determining a current bitrate
budget, and constructing the primary encoded video stream from the first or second
hierarchical stream associated with the best-perceived quality permitted by the current
bitrate budget.

In furtherance of the above embodiment, encoding the frames into the
hierarchical stream further comprises encoding the frames into a first hierarchical
stream by encoding frames of a first base layer and frames of a first hierarchically
predicted enhancement layer with encoding parameter values determined based on a

first KPI target associated with a highest perceived quality target. Constructing the
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secondary stream further comprises resending a key frame of the first hierarchical
stream. In response to a bitrate budget reduction, the method further comprises
encoding the frames into a second hierarchical stream by encoding frames of a second
base layer and frames of a second hierarchically predicted enhancement layer with
encoding parameter values determined based on a second KPI target associated with a
lower perceived quality target, in which case constructing the secondary stream
comprises sending an error recovery sequence for a key frame of the second
hierarchical stream.

In one or more second embodiment, a scalable video encoder includes a video
input to receive raw video frames and hierarchy logic to associate an encoding key
performance indicator (KPI) with a target perceived video quality level. The scalable
video encoder further includes an encoder core coupled to the video input to encode
the frames into a hierarchical stream having the target perceived quality by using
encoding parameter values determined based on a KPI. The scalable video encoder
further includes a memory to store the hierarchical stream.

In furtherance of the one or more second embodiment, the scalable video
encoder further includes a perceived quality estimator to estimate perceived quality of
a stream output from the encoder core by generating an estimated mean opinion score
(eMOS) for a calibration structure or for a top temporal enhancement layer of the

hierarchical stream.

In furtherance of the one or more second embodiment, the hierarchy logic is
control the encoder core to change a video perceived quality level of the hierarchical
stream in response to network congestion by dropping a temporal enhancement layer
or encoding frames of any remaining temporal enhancement layer at a reduced KPI
target.

In one or more third embodiment, the scalable video decoder includes a buffer
to receive a bit stream having a perceived quality-guided temporal hierarchical
structure, and a decoder core coupled to the buffer to decode the bit stream into video
frames. The scalable video decoder further includes hierarchy logic circuitry coupled
to the decoder core or buffer to determine a response to a lost or delayed video frame
based on hierarchy information contained in the bit stream.

In furtherance of the one or more third embodiment, the scalable video

decoder includes a perceived quality estimator coupled to the buffer or the decoder
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core to generate a no-reference perceived quality estimate of the video frames and to
output a remote encoding rate control signal, or an encoding parameter.

In furtherance of the one or more third embodiment, the buffer is to receive a
primary bit stream having a perceived quality-guided temporal hierarchical structure.
The buffer is to also receive a secondary bit stream having a single-layer structure
associated with a lower perceived quality than the primary bit stream. The hierarchy
logic circuitry is to replace a key frame lost from the primary stream with a duplicate
key frame decoded from the secondary stream.

In furtherance of the one or more third embodiment, the hierarchy logic
circuitry is further to process forward error correction packets in the secondary bit
stream through error correction circuitry and to correct bits received in the primary
stream. In furtherance of the one or more second embodiment, the hierarchy logic
circuitry is further to initiate a request to retransmit a lost or late video frame.

In one or more fourth embodiment a networked communication system
includes a transmit device and a receive device. The transmit device includes a
scalable video encoder and a remote-side rate adapter. The scalable video encoder
further includes a video input to receive video frames. The scalable video encoder
further includes hierarchy logic circuitry to associate an encoding key performance
indicator (KPI) with a target perceived video quality level. The scalable video encoder
further includes an encoder core coupled to the video input to encode the frames into
a hierarchical stream having the target perceived quality by using encoding parameter
values determined based on the KPI. The remote-side rate adapter is coupled to the
hierarchy logic circuitry, and is to cause a change in the target perceived quality or
associated KPI in response to receiving a remote encoding rate control signal. The
receive device includes a buffer to receive the hicrarchical stream, and a decoder core
coupled to the buffer to decode the hierarchical stream into video frames. The receive
device further includes a perceived quality estimator coupled to the buffer or the
decoder core to generate a no-reference perceived quality estimate of the video frames
and to output the remote encoding rate control signal to the remote-side rate adapter.

In furtherance of the one or more fourth embodiment, the transmit device
further comprises a cognitive radio configured to dynamically modify radio
parameters based on the target perceived quality or the no-reference perceived quality

estimate.
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In furtherance of the one or more fourth embodiment, the receive device
further comprises hierarchy logic circuitry coupled to the decoder core or buffer to
determine a response to a lost or delayed video frame based on hierarchy information
contained in the bit stream. In one or more fifth embodiment, one or more computer-
readable medium, storing instructions thereon, which when executed by a computer
processor, cause the processor to perform any of the one or more first embodiments.

In one or more sixth embodiment, a scalable video encoder includes a
receiving means to receive raw video frames, and a perceived quality mapping means
to associate an encoding key performance indicator (KPI) with a target perceived
video quality level. The scalable video encoder further includes an encoding means
coupled to the receiving means to encode the frames into a hierarchical stream having
the target perceived quality by using encoding parameter values determined based on
a KPI. The scalable video encoder further includes a storage means to store the
hierarchical stream.

In one or more seventh embodiment, a scalable video decoder includes a
storage means to receive a bit stream having a perceived quality-guided temporal
hierarchical structure, and a decoding means coupled to the storage means to decode
the bit stream into video frames. The scalable video decoder further includes a
controlling means coupled to the decoder core or buffer to determine a response to a
lost or delayed video frame based on hierarchy information contained in the bit
stream.

It will be recognized that the embodiments are not limited to the exemplary
embodiments so described, but can be practiced with modification and alteration
without departing from the scope of the appended claims. For example, the above
embodiments may include specific combination of features. However, the above
embodiments are not limited in this regard and, in various implementations, the above
embodiments may include the undertaking only a subset of such features, undertaking
a different order of such features, undertaking a different combination of such
features, and/or undertaking additional features than those features explicitly listed.
Scope should, therefore, be determined with reference to the appended claims, along

with the full scope of equivalents to which such claims are entitled.
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CLAIMS

What is claimed is:

1. A computer-implemented scalable video coding (SVC) method, comprising:

receiving raw video frames;

encoding the frames into a hierarchical stream using encoding parameter values
determined based on an encoding key performance index (KPI) target
associated with a perceived quality level target assigned to each layer of the
hierarchical stream; and

storing the hierarchical stream in a memory.

2. The method of claim 1, further comprising

adapting the encoding of the hierarchical stream to change the perceived quality level
in response to network congestion by dropping a temporal enhancement layer
or encoding frames of any remaining temporal enhancement layer at a reduced

KPI target.

3 The method of claim 1, further comprising:
adapting the encoding of the hierarchical stream to change the perceived quality level
in response to network congestion by changing in a frame temporal, spatial, or

quality layer level within the hierarchical structure.

4. The method of claim 1, further comprising:

determining, for frames in a non-hierarchical structure, an encoding parameter value
corresponding to a predetermined perceived quality level target by floating the
encoding parameter and iteratively encoding the frames until the
predetermined perceived quality level target is achieved;

reconstructing a frame from data encoded with the encoding parameter value; and

generating, based on a difference between the reconstructed frame and the
corresponding raw frame, the KPI target associated with the predetermined

perceived quality level target.

5. The method of claim 1, wherein:
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the perceived quality level target comprises an estimated mean opinion score (eMOS);
the encoding parameter is a quantization parameter (QP);

the KPI target is a peak signal-to-noise ratio (PSNR); and

the same target PSNR value is employed for encoding frames in any layer of the

hierarchical stream associated with the same eMOS.

6. The method of claim 1, further comprising determining a current bitrate budget;
and
wherein encoding the frames into the hierarchical stream, further comprises:
encoding frames of a base layer and frames of a hierarchically predicted
enhancement layer with encoding parameter values determined based
on a first KPI target associated with a first perceived quality target in
response to the current bitrate budget satisfying a threshold; and
encoding frames of the base layer and frames of the hierarchically predicted
enhancement layer with encoding parameter values determined based
on a second KPI target associated with a second perceived quality
target, lower than the first perceived quality target, in response to the

current bitrate budget failing to satisfy the threshold.

7. The method of claim 6, further comprising:

determining, for frames in a non-hierarchical structure, a first encoding parameter
value corresponding to the first perceived quality target by floating the first
encoding parameter and iteratively encoding the frames until the first
perceived quality target is achieved;

reconstructing a frame from data encoded with the first encoding parameter value;

generating, based on a difference between the reconstructed frame and the
corresponding raw frame, the first KPI target associated with the first
perceived quality target;

determining, for frames in the non-hierarchical structure, a second encoding
parameter value corresponding to the second perceived quality target by
floating the second encoding parameter and iteratively encoding the frames
until the second perceived quality target is achieved;

reconstructing a frame from data encoded with the second encoding parameter value;

and
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generating, based on a difference between the reconstructed frame and the
corresponding raw frame, the second KPI target associated with the second

perceived quality target.

8. The method of claim 6, wherein:

encoding the base layer frames with encoding parameter values determined based on a
first KPI target further comprises iteratively encoding key frames while
floating the encoding parameter value until the first KPI target is achieved;
and

encoding the enhancement layer frames with the first encoding parameter values
further comprises iteratively encoding one or more frame dependent upon the
key frames while floating the encoding parameter value until the first KPI

target is achieved.

9. The method of claim 1, further comprising:
constructing a primary encoded video stream comprising the hierarchical stream; and
constructing a secondary encoded video stream associated with a lowest perceived

quality and a lowest bitrate.

10. The method of claim 9, wherein:
encoding the frames into the hierarchical stream, further comprises:
encoding the frames into a first hierarchical stream by encoding frames of a
first base layer and frames of a first hierarchically predicted
enhancement layer with encoding parameter values determined based
on a first KPI target associated with a highest perceived quality target;
and
the method further comprises:
encoding the frames into a second hierarchical stream by encoding frames of a
second base layer and frames of a second hierarchically predicted
enhancement layer with encoding parameter values determined based
on a second KPI target associated with a lower perceived quality
target;

determining a current bitrate budget; and
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constructing the primary encoded video stream from the first or second
hierarchical stream associated with the best-perceived quality

permitted by the current bitrate budget.

11. The method of claim 9, wherein:
encoding the frames into the hierarchical stream further comprises:
encoding the frames into a first hierarchical stream by encoding frames of a
first base layer and frames of a first hierarchically predicted
enhancement layer with encoding parameter values determined based
on a first KPI target associated with a highest perceived quality target;
constructing the secondary stream further comprises resending a key frame of the first
hierarchical stream; and
in response to a bitrate budget reduction, the method further comprises:
encoding the frames into a second hierarchical stream by encoding frames of a
second base layer and frames of a second hierarchically predicted
enhancement layer with encoding parameter values determined based
on a second KPI target associated with a lower perceived quality
target; and
wherein constructing the secondary stream comprises sending an error

recovery sequence for a key frame of the second hierarchical stream.

12. A scalable video encoder comprising:

a video input to receive raw video frames;

hierarchy logic to associate an encoding key performance indicator (KPI) with a target
perceived video quality level,

an encoder core coupled to the video input to encode the frames into a hierarchical
stream having the target perceived quality by using encoding parameter values
determined based on a KPI; and

a memory to store the hierarchical stream.
13. The scalable video encoder of claim 12, further comprising:

a perceived quality estimator to estimate perceived quality of a stream output from the

encoder core by generating an estimated mean opinion score (eMOS) for a
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calibration structure or for a top temporal enhancement layer of the

hierarchical stream.

14. The scalable video encoder of claim 12, wherein:

the hierarchy logic is to control the encoder core to change a video perceived quality
level of the hierarchical stream in response to network congestion by dropping
a temporal enhancement layer or encoding frames of any remaining temporal

enhancement layer at a reduced KPI target.

15. A scalable video decoder comprising:

a buffer to receive a bit stream having a perceived quality-guided temporal
hierarchical structure;

a decoder core coupled to the buffer to decode the bit stream into video frames; and

hierarchy logic circuitry coupled to the decoder core or buffer to determine a response
to a lost or delayed video frame based on hierarchy information contained in

the bit stream.

16. The decoder of claim 15, further comprising a perceived quality estimator coupled
to the buffer or the decoder core to generate a no-reference perceived quality
estimate of the video frames and to output a remote encoding rate control

signal, or an encoding parameter.

17. The decoder of claim 15, wherein:
the buffer is to receive:
a primary bit stream having a perceived quality-guided temporal hierarchical
structure; and
a secondary bit stream having a single-layer structure associated with a lower
perceived quality than the primary bit stream; and
the hierarchy logic circuitry is to replace a key frame lost from the primary stream

with a duplicate key frame decoded from the secondary stream.

18. The decoder of claim 17, wherein the hierarchy logic circuitry is further to:
process forward error correction packets in the secondary bit stream through error

correction circuitry and to correct bits received in the primary stream; or
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initiate a request to retransmit a lost or late video frame

19. A networked communication system, comprising
a transmit device, including:
a scalable video encoder, further comprising:
a video input to receive video frames;
hierarchy logic circuitry to associate an encoding key performance indicator
(KPI) with a target perceived video quality level; and
an encoder core coupled to the video input to encode the frames into a
hierarchical stream having the target perceived quality by using
encoding parameter values determined based on the KPI; and
a remote-side rate adapter coupled to the hierarchy logic circuitry, and to
cause a change in the target perceived quality or associated KPI in
response to receiving a remote encoding rate control signal; and
a receive device, including:
a buffer to receive the hierarchical stream;
a decoder core coupled to the buffer to decode the hierarchical stream into
video frames;
a perceived quality estimator coupled to the buffer or the decoder core to
generate a no-reference perceived quality estimate of the video frames
and to output the remote encoding rate control signal to the remote-

side rate adapter.

20. The system of claim 19, wherein the transmit device further comprises a cognitive
radio configured to dynamically modify radio parameters based on the target

perceived quality or the no-reference perceived quality estimate.

21. The system of claim 19, wherein the receive device further comprises hierarchy
logic circuitry coupled to the decoder core or buffer to determine a response to
a lost or delayed video frame based on hierarchy information contained in the

bit stream.
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22. One or more computer-readable medium, storing instructions thereon, which
when executed by a computer processor, cause the processor to perform the

method recited in any of claims 1-11.

23. A scalable video encoder comprising:

a receiving means to receive raw video frames;

a perceived quality mapping means to associate an encoding key performance
indicator (KPI) with a target perceived video quality level;

an encoding means coupled to the receiving means to encode the frames into a
hierarchical stream having the target perceived quality by using encoding
parameter values determined based on a KPI; and

a storage means to store the hierarchical stream.

24. A scalable video decoder comprising:

a storage means to receive a bit stream having a perceived quality-guided temporal
hierarchical structure;

a decoding means coupled to the storage means to decode the bit stream into video
frames; and

a controlling means coupled to the decoder core or buffer to determine a response to a
lost or delayed video frame based on hierarchy information contained in the

bit stream.

25. A networked communication system, comprising
a transmit device, including:

the scalable video encoder of claim 23; and
a receive device including

the scalable video decoder of claim 24.
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