Chapter 2
Background and Related Work

This chapter discusses the basics of video processing in general, while specifically
targeting the video coding applications. General video system design and its
memory access patterns and resource utilization are deliberated. Fundamentals of
HEVC and H.264/AVC video encoding are followed by their associated challenges
when designing computationally efficient video processing systems. Modern tech-
nological challenges that arise in deploying video systems are also presented in this
chapter. Afterwards, the state-of-the-art techniques to meet these design challenges
are discussed, with details targeting video processing system’s software and hard-
ware layers.

2.1 Overview of Video Processing

The working of a video processing system largely depends upon its complexity. The
complexity of a video system can be roughly correlated to two characteristics,
processing algorithm and throughput constraint. As discussed in Sect. 1.2, the
computational complexity of video processing depends upon the type of the
algorithm, along with the video frame dimensions and the FPS requirements
(given by f,). From FPS requirements, the maximum time that can be spent on
processing a single video frame is given by #;,=1/f,. A general metric to present
the throughput requirements is given by wxhxf,, which denotes the number of
pixels that must be processed in one second, for a frame of size wxh pixels.
However, most video algorithms process a block of pixels in a time unit, i.e., all
the pixels within the block correspond to a particular computational mode. An
example of dividing a video frame into blocks of size b,,x by, is shown in Fig. 2.1.
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Fig. 2.1 Fundamentals of a video processing system. The video frame is divided into blocks and
logically stored in the external memory as shown in the figure. A block of size b,,x by, is read at a
time from external memory and brought to the on-chip memory for processing

Generally, the video is processed online or offline. Further, the frames themselves
are stored in the external memory due to the size of the video frame. A block (or a
group of blocks) is transferred from the external memory to the on-chip memory for
processing, because accessing the on-chip memory is faster. Once processed, the
output of the processed block is concatenated to the output of other blocks.

Figure 2.1 presents an example of video processing system, with pre- and post-
processing modules. For video system design discussion, naive online gaming
scenario can be considered. The video application reads the data (possibly com-
pressed video) from the gaming server, decodes it, and then applies different image
enhancement techniques before finally forwarding it to the main processing engine.
The processing engine may also use data on the local disk and video content
captured using the camera(s) at the user’s end for processing. Afterwards, this
data is displayed on the display device, using post-processing filters like light
blooming, denoising, and interpolation. Further, the data/video formed at the
user’s end is also encoded and encrypted and finally sent back to the gaming server.
Note that pre- and post-processing modules themselves can be separate video
processing systems, employing the same principles as given in this figure. Further,
these modules can be deployed on independent hardware resources, e.g., video
preprocessing on CPUs and post-processing on GPU.

For block-based video processing, the throughput requirement can be written as:

w X h y
wabh

£ (2.1)

Nsec = Nfrm Xfp =

Here, ng,. presents the number of blocks that must be processed per second, and
Mgy i the number of blocks within a frame. A larger n,. corresponds to more
computational and power requirements and vice versa.

A video sample can be stored in multiple formats. Usually, a sample is stored as a
union of three colors, red (R), green (G), and blue (B). This color space format is
termed as RGB format. If intensity of each color of video samples is presented by
8-bits, then a sample is stored as a 24-bit value. Usually, R, G, and B “planes” of the
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frame are stored separately. Therefore, the number of addresses (or pixels) is three
times more. Therefore, the size of the frame can be presented in number of bits by, by:

bim = w X h x 3 x bits_per_sample (2.2)

The RGB color format carries a lot of redundancy and therefore burdens the
storage/communication. By focusing predominately on the features which are
visually more distinguishable to the human user, this redundancy can be removed.
One prime method is to transform RGB to a different space. For example, a large
number of video algorithms work with the YCbCr format (also sometimes called
YUYV format), where Y presents the luminance component of the sample, and Cb
and Cr collectively determine the chrominance of the sample. YCbCr 4:4:4 format
means that for every luminance pixel, there are two chrominance pixels, whereas
YCbCr 4:2:0 format means that the two chrominance pixels are associated with four
luminance pixels. Hence, both the chrominance planes are downsampled by two, in
horizontal and vertical directions. This still results in high visual quality because the
human eye is more susceptible to the luminance component than the chrominance
components. For YCbCr 4:2:0 case, the size of the frame (in bits) is denoted by:

bpm =w x h x (1+0.25 + 0.25) x bits_per_sample (2.3)

In Fig. 2.2, an example baseline architecture of a real-time camera-based image/
video processing system is illustrated. The camera captures videos in real time at a
certain frame acquisition rate in terms of frames per second (typical values are
30, 60, etc.). The raw data (i.e., video samples) is preprocessed via a video input
pipeline (VIP). The output of VIP is the streaming data, containing YCbCr 4:2:0
samples, which is converted into words of size > 8 bits using a combination of a
FIFO and a shift register. Each frame is stored in a separate location within the main
memory. The memory is composed of multiple frame memory partitions in order to
simultaneously store multiple video frames and support double or triple buffering.
Write address generation unit (AGU) is used to write video frames to the memory
partitions, and frames are read via Read AGU. The application requests a new
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Fig. 2.2 Video capture, store and access management of a video processing system
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frame once it has processed the previous frame. Frame drop mechanism (i.e.,
previously stored frames are overwritten, although they are not processed) is also
supported, in case the video processing application has high complexity and it
cannot cope with the high frame capture rate of the camera. Other factors that might
induce frame-dropping are e.g., constrained underlying hardware with lower clock
frequency, lesser CPUs, smaller caches, low bandwidth of wired/wireless connec-
tions etc. Frame drops can also occur if the output of the video system is stalled
(e.g., scenarios like high congestion and packet loss in wired/wireless output
scenarios, the output disk is full).

Generally, small parts of the video processing code (called kernels) take a hefty
portion of computational complexity and power. In order to reduce the complexity,
these kernels are optimized by developing past-predicts-future paradigms and by
tuning the complexity knobs. For example, the number of modes computed to
search for the best mode can be reduced, which increases the throughput-per-watt
metric, but may reduce the output video quality. These kernels can also be
implemented as custom hardware accelerators.

In addition to video applications, other applications are also sometimes referred
to as “frame-based” applications. The term “frame-based” application broadly
denotes an application that needs to process a set of data periodically, within a
specific interval of time.

2.1.1 Intra- and Inter-frame Processing

Broadly, there are two distinct types of video processing algorithms employed by
video systems:

1. Intra-frame processing, where the spatial neighborhood of the pixel (or block)
under consideration is used for computations. That is, the same frame is used for
processing the current pixel/block.

2. Inter-frame processing, where the temporal neighborhood of the pixel (or block)
under process is used for computations. That is, the frame(s) processed in the
past or future is used in algorithms involving the current pixels/block processing.
The frames used for interframe processing are also called reference frames.

The neighborhood concept is illustrated in Fig. 2.3, where a block under
consideration has spatial neighbors within the frame and temporal neighbors across
the frames. The same concept is applicable to pixel-based processing; however, our
main focus in this book will be block-based processing. The spatial and temporal
neighbors are exploited for multiple purposes, e.g., noise filtering and motion
tracking. The correlation of the current pixel/block with its neighbors plays an
important role in determining the video quality, as will be discussed in the coming
text. High correlation in the neighborhood usually translates to higher video quality
(e.g., better noise removal if neighbors correlate highly with the current block).
Mostly, the spatial neighbors are not as highly correlated with the current block;
therefore, the video output quality is not high for intra-frame processing, compared
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Fig. 2.3 Spatial and temporal neighborhood of current block under consideration

to inter-frame processing. However, the computational requirement of inter-frame
processing is higher due to a large amount of data being transferred between
external and on-chip memory. This increases the data processing pressure and the
power overhead. On the other hand, a larger complexity corresponds to searching
for the best mode of computations and hence increases the output video quality. The
output video quality can be compared against an ideal output using peak signal-to-
noise ratio (PSNR) and Bjgntegaard delta peak signal-to-noise ratio (BD-PSNR) or
bitrate (BD-Rate) [1]. This will become clear when we discuss video coding
overview in Sect. 2.2.

Usually, the on-chip memory shown in Fig. 2.1 is large enough to hold additional
data, and therefore, in addition to the video frame block, its spatial or temporal
neighbors can also be stored on-chip. This further reduces the stress on the memory
subsystem.

2.2 Overview of Video Coding

Here, we discuss video coding algorithms with reference to the principles men-
tioned in Sect. 2.1. This section introduces the working principles of H.264/AVC
[2] and HEVC [3] video encoders. The working principles of a video encoder are
diagrammatically shown in Fig. 2.4. A video frame block (of size b, xb,, with
samples s) is brought from the external memory to the on-chip memory and is
compressed by searching for the best compression mode/configuration, by itera-
tively testing the intra- and inter-compression modes (also referred to as intra- and
inter-predictions). Afterwards, the best compression mode is forwarded to the
additional video compression modules. The purpose of both intra- and inter-
prediction modes at the encoder is to generate a resembling representation of the
current block under test, called prediction (with samples s'). Therefore, the module
in Fig. 2.4 is referred to as prediction generator. This prediction is generated using
the neighbors of the block. The idea is that since the neighbors will already be
present at the decoder, the decoder can recreate the current block using only the
information of the current block sent by the encoder. Usually, number of bits for
representing the current block is smaller than the number of information bits send
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by the encoder (and hence, compression is achieved). However, this technique only
works with lossless video encoders, which do not provide higher compression rates
compared to lossy compression. Therefore, in case of lossy compression, the
encoder compresses the current block by using the neighborhood of the block in
the reconstructed video frame samples. A reconstructed video frame is a video
frame generated by decoding the information sent by the encoder. The encoder can
also locally decode and use the locally decoded video frame for generating the
predictons, i.e., the video frame samples which will be generated at the decoder, to
make sure that there is no error accumulation at the decoder. Thus, the encoder also
implements a local decoder (shown by the lower modules in Fig. 2.4). The gener-
ation of prediction either uses the spatially neighboring pixels (intra-frame
processing) or temporally neighboring pixels (inter-frame processing). Thus, if
the quality of prediction (its resemblance with the original block) is high, the
residual block, i.e., the difference between the original and the prediction, has
low pixel energy (samples with low values). The quality of a prediction is usually
tested using the sum of absolute differences (SAD) metric:

bh—1 bw—1
SAD = Z |s(x,y) -5 (x,y)‘ (2.4)
D x=0

y=0 x=

Here, (x, y) is the pixel location within the original and predicted blocks. Every
intra- and inter-mode has its associated prediction and, therefore, a SAD value. It is
evident that, if the number of predictions that are tested is high (i.e., a more complex
encoder), probability of finding a prediction with a low SAD/pixel energy is high,
which results in higher compression.

Afterwards, transformation of residue and its quantization take place. The
purpose of transformation is to separate low- and high-frequency components of
the residual bock and transmit a part of these components (hence, lossy compres-
sion). If high compression is required, the higher frequency components are not sent
to the decoder and vice versa. This is because the human eye is more susceptible to
the low-frequency image components than high-frequency components. Quantiza-
tion further reduces the scale of the transformed values before finally the bitstream
generation (i.e., the entropy coding module) forms a bitstream which is sent to the
video decoder. The size of the bitstream is proportional to the pixel energy in the
residual block, and more energy in the residual block will increase the size of the
bitstream.

This bitstream consists of the transformed and quantized residue of the current
block, along with the prediction mode selected for compressing the block. The
decoder can reverse the process, by generating the transformed and quantized
residual block (approximately) from the bitstream. The steps to generate the
block at decoder are (a) decoding the bitstream to get quantized blocks and
prediction mode, (b) inverse quantizing the received block, (c) inverse transforming
the block, (d) generating the prediction using the prediction mode, and, finally,
(e) adding the prediction to generate a representation of the original block.

In addition to video encoding/decoding algorithms (which attract high attention
from research community), algorithmic and architectural designs of video input and
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output pipelines are also a critical design step, since if a module within these
pipelines becomes the bottleneck, it will hurt the performance of the complete
system. Video input pipeline involves color space conversion, deinterlacing,
downsampling, etc. More on this is covered in Sect. 5.1.2. Video output pipeline
usually incorporates noise reduction algorithms, color space conversion, and con-
tent enhancement (like increasing the sharpness, correcting brightness, etc.).

2.2.1 H.264/AVC and HEVC

H.264 or MPEG-4 Part 10 or Advanced Video Coding (MPEG-4 AVC) is the
current video compression industry standard developed by JCT-VC [2, 4]. In this
book, this standard will be referred to as H.264/AVC. Here, a video frame is divided
into blocks of 16x 16 pixels called macroblocks (MBs), and each MB is treated as a
separate entity for compression. A block is tested with intra-prediction modes using
angular directions and inter-prediction via block matching (also called motion
estimation (ME)) [5, 6]. However, due to increasing video resolutions and frame
rates (e.g., 8K Ultra-HD, 7680x4320 pixels, at 120 fps), JCT-VC has also recently
developed the next-generation High Efficiency Video Coding (HEVC) standard.
HEVC aims at increasing the compression by 50% compared to the H.264/AVC.
From Fig. 2.5, we notice that the bitrate of the video encoded via HEVC is lower
than H.264/AVC, for the same video quality (PSNR). These curves are also called
rate-distortion (RD) curves. For these curves, higher is better.

On the other hand, HEVC time consumption is substantially higher and our
experiments show that HEVC is ~2.2 x more complex than H.264/AVC. Compared
to H.264/AVC, HEVC brings two major innovations [3, 7]. Firstly, unlike the
concept of MB of its predecessor coding standard H.264/AVC, the HEVC intro-
duces the concept of the coding tree unit (CTU) as a coding structure. A CTU is a
square block of size 16x16, 32x32, or 64 x64. The CTU is recursively subdivided
into multiple coding units (CUs) and prediction units (PUs). Each PU serves as an
independent, basic entity for compression carrying individual header data. Sec-
ondly, a prediction for a PU can be generated using one out of many standard-
defined prediction modes.
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Fig. 2.6 (a) H.264/AVC and (b) HEVC intra-angular modes

Table 2.1 Comparing HEVC intra-prediction modes for 64 x64 CTU with the H.264/AVC intra-
modes for a 64x64 image region

Total intra-angular modes 7,4
Prediction size HEVC/ H.265 (64x64) H.264/AVC (16x16)
64 x64 4 NA
32x32 35 NA
16x16 35 4
8x8 35 9
4x4 19 9
Total modes w = 7808 16X (16 X9+4x9+4) = 2944

2.2.1.1 Intra-prediction Modes

As discussed, H.264/AVC and HEVC intra-compression modes generate the pre-
diction block for the current block using the spatial neighboring reconstructed video
samples. This is because spatially, the texture flow of the video samples is expected
to continue from the surrounding blocks into the current block under consideration.
However, the proper direction of texture flow must be estimated for best represen-
tation of the original block, which will result in a residual block with low pixel
energy. As shown in Fig. 2.6 (a, b), both H.264/AVC and HEVC employ different
spatial directional (or angular) modes to determine the best texture flow direction.
The encoders employ a brute-force (also called full-search) algorithm to get the best
prediction mode, whereby all the predictors are tested to get the best predictor. The
best prediction mode is usually chosen as the one which corresponds to the lowest
SAD (Eq. 2.4). SAD value is computed between the current block and the predic-
tion block.

Table 2.1 tabulates a comparison of intra-prediction modes for both HEVC and
H.264/AVC. It is notable that the total number of prediction modes for the HEVC is
significantly higher compared to H.264/AVC. Furthermore, the selection of
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RD-wise best PU size and prediction mode is determined by a RD optimization
(RDO) process. Therefore, due to the recursive nature of best PU size selection and
RDO process, the total number of mode decisions in HEVC (computed using
Eq. (2.5) for a CTU of size b,,xb,=64x64) is ~2.65x more than that in H.264/
AVC. ng,, denotes the number of angular modes for a particular PU size (column
2 of Table 2.1).

=3 (22 X ) (2.5)

2.2.1.2 HEVC Inter-prediction Modes

Similarly, for generating the inter-predictions, both H.264/AVC and HEVC
encoders search for a similar block in temporal neighborhood (i.e., the previously
encoded frames called reference frames) using ME. In HEVC, ME is repeated for
every PU as shown in Fig. 2.7. This search is pixel-wise and uses the SAD metric.
The ME process is shown in Fig. 2.8 along with the hardware architecture of
computing the SAD. In the inter-encoding case, a predictor is a block of pixels of
the previous frame. Usually, only parts of reference frames, called the search

Fig. 2.7 HEVC inter-
prediction modes
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Vector (MV)

Best Predictor . )
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Fig. 2.8 Motion estimation (ME) and SAD computation architecture
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window, are tested for the best predictor. The search window is brought from the
external memory to the on-chip memory, and the predictors are drawn from this
search window for computing SAD. Search window is a rectangular region of size
s %8y, For fast prediction selection, ideally the search window should be loaded
into the on-chip memory. Furthermore, note that blocks are processed in a raster
scan order, and two neighboring blocks will have most of their search windows
overlapped [5]. This concept is outlined in Fig. 2.9. Thus, search window
“prefetching” of new reference samples can be done in parallel to the ME process.
Further, a larger search window increases the probability of finding a predictor with
low SAD value (and thus increases the video quality). However, this also increases
the on-chip memory required to store the search window, which increases the power
consumption of the system. Additionally, the external memory accesses also
increase, resulting in higher power consumption [8, 9] and access latencies.

From the discussion above related to the search window, it is simple to infer that
a single reference pixel is written multiple times to the search window, depending
upon the height of the window. This is because the search window overlaps for the
blocks in adjacent rows. A larger search window height (s;) denotes that a single
pixel will be written more times into the search window storage than having a
smaller search window height. A read factor 14 is defined which denotes the total
number of times a pixel in the reference frame is read and then stored in the search
window. Typical value of this factor is between 3 and 12. For the technique given in
Fig. 2.8, where the search window is shifted by b, for every new row of blocks with
size b,, X by,

ry = Sh/bh (26)

There are multiple ways to determine the best predictor within the search
window. One method is to search every predictor in the search window. This
scheme employs a brute-force or full-search algorithm and results in the best
predictor with the lowest SAD value. However, this scheme is excessively complex
and almost never employed in practice. Usually, fast prediction search algorithms
(like EPZS, TZ [10]) are used, which result in considerably lower power consump-
tion and complexity with little video quality loss, compared to the brute-force
search. In these fast algorithms, not every possible predictor of the search window
is tested (i.e., not all pixels of the search window are utilized). An additional step
iteratively determines the next most probable predictors which will result in the
lowest SAD value. However, this does not suggest that the number of pixels
“prefetched” will reduce. The number of pixels fetched from external memory
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will remain the same, because the pixels that will be utilized by the iterative step for
ME are unknown. Moreover, if a part of the search window is not fully utilized for
the current block, it might be utilized for the next adjacent block.

In HEVC, each CU is split into 13 PUs (see Fig. 2.7), and ME is carried out for
these PUs. Mathematically, the total number of block-matching iterations for a
square CTU of width b,, is given by:

p=13x Y o (2.7)

Simulations show that block matching in HEVC takes around 80% of the total
encoding time, and it is ~2.2x more complex than compared to H.264/AVC. In
addition, normally the block matching takes about 60% of the total energy in video
encoders [11]. Moreover, there can be multiple reference frames (e.g., bi-prediction
in HEVC and multiview video coding (MVC)), and the best predictor is searched in
a search window for each of these frames.

Many algorithms used in both H.264/AVC and HEVC can be applied in other
video processing algorithms, as they exercise the same principles of computations
and memory access. Many mainstream video encoders use similar principles of
intra- and inter-video encoding (e.g., Google’s VP8 and VP9, Microsoft’s SMPTE,
Cisco’s Thor, MJPEG). Moreover, ME algorithm is also used in super-resolution
techniques (increasing the resolution of a video frame by concatenating multiple,
temporally neighboring frames), temporal frame interpolations (for reducing flicker
and algorithmically increasing FPS), motion tracking, corner detection, etc.

Further, almost all video processing algorithms have configuration knobs, which
can be tweaked to leverage the computational complexity against video quality. For
example, the search window for motion estimation in video coding, denoising,
frame interpolation, and super-resolution algorithms can be enlarged or contracted.
The number of intra-angular modes tested for HEVC can be increased or reduced.
This suggests video processing applications provide prospects for runtime adapta-
tion of workload. However, such adaptation for increasing the throughput might
result in lower output quality, e.g., loss in PSNR or precision of tracking.

2.2.2 Parallelization

Like all compute-intensive video applications, H.264/AVC and HEVC standards
allow for parallel operation. A system designer can utilize a multi- or many-core
system and exploit the parallelism in order to gain computational advantages. To
process a video sequence, a hierarchical approach for video partitioning is
employed. Video frames are divided into sets of frames, called groups of pictures
(GOPs). Each GOP can be processed independently of other GOPs, supporting
GOP-level parallelization [12]. Within a GOP, video frames can also be processed
in parallel on independent processing cores [13]. A frame is divided into slices or
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tiles (see Fig. 2.10a), and each slice/tile can be processed in parallel [14—16]. As
discussed before, usually the image and video processing algorithms are block-
based algorithms, where a set of pixels in a rectangular region is considered as a
basic processing entity. Each slice/tile is divided into blocks, and a single block is
processed one at one time (the blocks within the slice/tile are processed sequen-
tially). However, intra-angular predictions and inter-predictions can be tested in
parallel. An example video partition hierarchy is given in Fig. 2.10b, where each
frame in the GOP is divided into k,,, tiles. This figure also shows collocated tiles,
which are the video tiles at the same location but in adjacent frames.

Video Workload Balancing Via parallelization, the workload of the whole appli-
cation is divided into chunks, and thus the workload corresponds to the computa-
tional complexity and energy consumption of a processing core. That is, the larger
the workload, the more computational complexity and energy consumption of the
underlying hardware (processing resources like cores, FPGAs, GPUs, etc.) are
expected. Generally, the workload of the complete application should be distributed
to the physical resources in a manner that the hardware utilization is maximized.
Therefore, every resource should ideally consume the same amount of time
processing their assigned jobs or subtasks. Collectively, this process can be termed
as workload or load balancing. Workload balancing will increase the throughput of
the system along with increase of the throughput-per-watt metric.

Workload balancing can be achieved via centralized or distributed techniques
[17, 18], which gather statistics and objectively distribute the subtasks among the
resources. However, for fully distributed strategies, optimal scheduling decision is
difficult to make due to rapidly changing environment, randomness, and
unpredictability. The communication delays in fully distributed strategies can
also invalidate a correct decision at a previous time, as the state of the system
might change rapidly after the distributed load balancing decision. Further, distrib-
uted algorithms reduce the range of subtask migration from one core to another,
because physically far apart resources, with highest and lightest workloads, cannot
be balanced in a single iteration of load balancing. Also, the overhead of the
technique increases with the system size due to increased message passing, control
logic, scheduling algorithms, etc. Further, the response of distributed strategies
saturates after tens of compute nodes. For the centralized strategy of load balancing,
the overhead of the assignment algorithm is large and has a large communication
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Fig. 2.11 (a) Multi-video capture and encoding on a many-core chip, (b) frame division into
multiple tiles

and storage overhead. This is due to the chip-wide information gathering and
storage of statistics. Further, centralized load balancing algorithms are vulnerable
to faults, and a complete system failure will occur if the central node (running the
subtask assignment algorithm) fails. Thus, both centralized and distributed strate-
gies for load balancing do not always produce optimal performance. This discus-
sion not only is applicable for video processing systems but also applies to any
many-core system running parallel workloads.

Multicasting Multicasting refers to information transfer to a set of predefined
destination nodes. With reference to video communication, a multicasting or
multichannel video encoder should be capable of encoding concurrent [19, 20]
video streams in parallel and generating appropriate compressed bitstreams for each
of these videos, as shown in Fig. 2.11. Use cases of multicast video encoding
include security, entertainment, video logging, etc. Each video can have its own
resolution, texture/motion content-dependent workload, and throughput require-
ment like FPS. This system can be implemented using a many-core platform or
by designing custom hardware. In case of a many-core system, it is a design
challenge to efficiently distribute the processing cores and power among multiple,
concurrently executing encoders, while fulfilling their throughput requirements.
Moreover, the load balancing techniques must be applicable to such paradigms. For
a custom hardware solution, some of the challenges for the multicast encoder are
being area efficient (due to multiple encoders working in parallel) and being able to
efficiently access video data.

2.2.3 DVC and HDVC

As discussed, the high compression efficiency of H.264/AVC and HEVC has
enabled a wide range of applications under low-bandwidth constraints. They follow
the predictive video coding (PVC) model, where the predictions of the block under
consideration for compression are generated at the encoder side (using intra-angular
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modes or ME). PVC is typically well suited for circumstances where encoding
devices have large-enough computational power, while decoders are resource-/
power-constrained devices, like mobile devices engaged in video streaming, battery
driven hand-held phones etc. Similarly, if the video is encoded once and transmitted
to numerous decoders multiple times, then PVC approach is most suitable.

2.2.3.1 Distributed Video Coding

It is possible that the computational complexity of a video application is too high to
be feasible for a particular system. For example, the significantly increased com-
putations at the HEVC encoder prohibits its use in constrained encoded scenarios.
Distributed video coding (DVC) has been emerged as an attractive solution for
scenarios where the encoding devices are resource constrained and must use
low-complexity encoding (like infield wireless video sensor nodes, small autono-
mous flying robots, mobile devices with low processing capabilities, etc.), while the
decoding devices have high computational power (like high-end servers) and can
execute high-complexity decoding tasks. DVC paradigm provides means to shift/
offload the computational workload from the video encoder to decoder [21-27].

A DVC encoder typically consumes only 7% of the total power consumed by a
PVC H.264 encoder [28-30]. In DVC paradigm, the decoder performs the ME for
frame interpolation, extrapolation, and upsampling. Only a subset of a GOP is
transmitted by the encoder, and the decoder generates the complete GOP by
exploiting the inter-frame correlation. At the DVC decoder side, Slepian-Wolf
decoder and ME with interpolation contribute 90% towards the total decoding
complexity. To improve the estimation quality, the DVC decoder requests auxiliary
information from the encoder (i.e., parity bits generated by turbo coding), which
results in a higher transmission power compared to the PVC case (see Fig. 2.12). A
DVC encoder may require ~4 x higher transmission energy compared to an H.264
PVC encoder for a video sensor node [28]. Increase in parity bits positively
influences the video quality at the decoder side, but results in higher transmission
energy at the encoder side.

Fig. 2.12 Comparing the
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2.2.3.2 Hybrid Distributed Video Coding

DVC completely offloads the ME from the encoder to the decoder. The major
drawback of DVC is lower video quality compared to that provided by PVC. On the
other hand, PVC results in best video quality at the expense of high computational
complexity at the encoder side. PVC and DVC become power-/energy-wise inef-
ficient in scenarios where both encoder- and decoder-side devices are resource
constrained and/or subjected to runtime varying conditions of available energy
levels and computational resources. In these cases, only one or neither of the
encoder-/decoder-side devices has adequate computational and/or transmission
power to deliver the required throughput and/or video quality. Examples of such
scenarios are (1) collaborative distributed video sensor networks for smart energy-
aware surveillance; (2) mobile devices on Internet of Things (IoT) — with varying
battery levels — communicating with each other or other power-constrained devices;
(3) heterogeneous devices from different vendors with distinct energy consumption
properties, etc. Besides, DVC may not facilitate complete offloading in scenarios
where multiple encoding devices concurrently offload their computational work-
load to a single, shared decoding device [31].

To cope with the energy-related issues for video coding in such dynamic
scenarios, Hybrid Distributed Video Coding (HDVC) has emerged as an attractive
solution which combines the positive aspects of both PVC and DVC, i.e., providing
high video quality close to PVC and low computational power close to DVC. In
HDVC, the decoder-side ME complexity is relaxed at the cost of partial ME at the
encoder side. This means that the encoder also fully processes some of the video
frame blocks and leave the rest to the decoder. The partial ME at the encoder side
results in better reconstruction of frames at the decoder side that corresponds to a
high video quality and low energy consumption at the decoder side.

Concisely, general workload offloading improves the performance if [32]:

e The throughput requirement of the (video) application is high and is not sus-
tainable by the video processing device.

e The (DVC/HDVC) decoder/receiver is fast and results in computational/power
benefit if the jobs are offloaded to the decoder.

¢ A small amount of auxiliary bits is transmitted.

e The bandwidth of the channel between the encoder and decoder is not a
bottleneck.

2.3 Technological Challenges

In the previous chapter, we briefly discussed some of the technological challenges
that might arise while implementing a system with high throughput-per-watt
metric. Here, details about these challenges are given.
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2.3.1 Dark Silicon or Power Wall

Reduced transistor sizes in the modern fabrication technologies have led to new
unforeseen challenges for system designers. Though the chip designers are living
up to the Moore’s law challenge, it is expected that most of the transistors etched on
the chip will not be completely utilized due to the power wall problem. Specifically,
the failure of Dennard scaling has resulted in the emergence of the Dark Silicon
Age, where the chip’s real estate cannot be utilized continuously, at full capacity. In
fact, current estimates (as shown in Fig. 2.13) suggest that only 30-50% of the
chip’s usable resources will be bright (fully utilized) for 8 nm technology, while the
rest will be kept dark (unutilized) or dim/gray (partially utilized or underutilized).
This forced underutilization arises from the fact that power per unit of area is
increasing monotonously with increasing transistor density. Therefore, the temper-
ature of the chip may reach levels which will not be contained by the available
state-of-the-art coolants and result in permanent damage of the chip. Thus, power-
efficient designs are of prime importance for modern systems.

A digital circuit consumes two types of powers, dynamic (pgy,,) and static (py,)
power. The dynamic power is due to switching the transistors on and off, whereas
the leakage power is a result of subthreshold current through the transistor’s
channel and the leakage through the transistor’s gate, when the transistor is off.
The static power can be reduced by lowering the supply voltage v,,;. On the other
hand, for a CMOS circuit, the dynamic power consumption can be written as:

Payn = O~ Cp - V121d -f (2.8)

Here, a is the switching activity level, ¢, is the capacitance of the circuit, v, is
the supply voltage, and f'is the clock frequency at which the circuit is operated. This
shows that dynamic power can be reduced by reducing the supply voltage. How-
ever, reducing v,; will increase the time delay (¢,), and, therefore, the frequency
must be reduced. In fact, 7; and v, are related by the following equation:

Vdd

tg X ——— 2.9
¢ Vdd — Vih ( )

Here, v, is the threshold voltage. Therefore, we can rewrite Eq. (2.8) as:
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pdyn X v;d O<f3 (210)

Using this relationship, dynamic voltage frequency scaling (DVFS) can reduce
the power of the circuit. However, note that reducing the frequency of the circuit
also reduces the throughput and may result in deadline misses. Moreover, as
discussed above, the voltage and frequency of a processor scale together. However,
this relationship does not hold for the complete frequency range, since there is a
certain threshold below which the voltage reduction results in unstable processor
behavior [33]. Thus, only dynamic frequency scaling (DFS) can be employed in
these scenarios.

For video applications, a strict throughput constraint usually exists that must be
met. Current trends for user-demanded frame resolution and FPS suggest that this
throughput demand is increasing (Equation (2.1) and hence puts pressure on the
hardware to perform. However, new fabrication technologies — with about half of
the cores turned OFF due to dark silicon constraints — require careful consideration
of available TDP and its distribution among possibly multiple, multithreaded video
applications competing for system resources. Moreover, memory may consume in
excess of 40% of the total chip’s power [8]. This power includes access to external
memory, read/write energy consumption, and leakage/standby power. The memory
power consumption is especially of concern for video applications that are memory
intensive, and their memory requirements continue to grow with the growing
throughput demands. Therefore, it might not be possible to achieve higher power
efficiency without considering the memory power.

The discussion above suggests that the software and hardware must be power
efficient to exercise the minimum amount of power, while fulfilling the throughput
requirements. This will not only address the dark silicon issue but will provide
supplementary power to other parallel running applications. Further, the
parallelization potential of a video application can be exploited to meet the
throughput requirements and ideally distribute the compute power along the com-
plete chip. Also, hardware accelerators, running at a lower frequency/power but
generating a higher throughput than its software counterpart, can be strategically
placed on the die to reduce the chip’s temperature. Additionally, the advantages of
the new memory technologies (like MRAM) can be exploited to replace the on-chip
SRAM, in order to reduce the leakage power of the memory subsystem and limit the
access to the external memory due to their higher density/sizes.

2.3.2 NBTI-Induced SRAM Aging

To provide fast read/write accesses, application-specific architectures normally
employ dedicated SRAM-based on-chip memories (like scratchpads instead of
caches) for storing data, thus saving the extra power overhead of tags and other
supportive circuitries. These on-chip memories are managed using specialized
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address generation units and/or explicitly programmed to exploit applications’
attributes (more on this later). However, due to continuous technology scaling
resulting in small feature sizes, high-power densities (dark silicon paradigm), and
resulting temperatures, SRAM-based on-chip memories are exposed to various
reliability issues like transient errors (soft errors) and permanent errors (device
aging). Memory-intensive video applications have flourished into various mission-
critical domains like surveillance and security, automotive, satellite imaging and
video transmissions, sensor-based image/video processing over long durations, etc.
For these applications, reliable operation over their lifetime or an extended lifetime
is an imperative system requirement.

This book considers SRAM aging due to NBTI, which has emerged as one of the
most critical reliability threats for the new fabrication technology. NBTI occurs in
PMOS transistors due to negative voltage at the gate (i.e., v = —Vv44). This voltage
results in interface traps because of the breakdown of the Si-H bond at the Si-SiO,
interface. This manifests as a surge in threshold voltage and reduction in noise
margin (i.e., short-term aging) that may lead to timing errors/delay faults and/or
runtime performance degradation. To encounter this threshold voltage increase
(more than 50 mV [34]), the clock frequency of the device must be reduced by
more than 20% over its lifetime. However, due to rising NBTI issues and cost/
power/performance constraints, the degradation of the cell stability can no longer
be addressed by simply providing a design time delay margin [35]. This aging-
based phenomenon is partially reversed in the so-called recovery mode (Si-H bond
is reformed in a few cases) once the stress is removed from the PMOS gate, i.e., at
ves=0. An abstract view of this process is shown in Fig. 2.14a for a PMOS
transistor. Such a situation occurs when a “zero” overwrites the “one” stored in
the SRAM cell and vice versa. However, 100% recovery is not possible and NBTI
results in continuous degradation over years (i.e., long-term aging). The total aging
throughout the lifetime depends upon the stress and recovery cycles; see
Fig. 2.14b. For ease of discussion, this book defines the duty cycle (A) as the
percentage of a cell’s lifetime when the stored value is “one.”

This book considers a memory composed of numerous 6T SRAM cells. Each
cell is composed of two inverters to store a bit value (see Fig. 2.14c), and these
inverters store complementary values at all times. The word line (WL) is enabled to
write a value, while the bit line (BL) is used to deliver data to be stored in the cell.
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Fig. 2.14 (a) PMOS transistor demonstrating NBTI aging with breaking Si-H bond at the Si-SiO,
interface, (b) example of stress and recovery phases for a PMOS transistor, and (c) a standard 6T
SRAM cell
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The data is retained in the cell by turning off access transistors. To read data, WL is
set high and the BL value is retrieved. Both these transistors are in complementary
states at all times. In case a “zero” or “one” value is stored in an SRAM cell, one of
its PMOS transistors will be under stress and the other in the recovery phase. Since
the aging of an SRAM cell is determined by the worst-case aging of one of the two
PMOS transistors, the overall lowest aging is achieved when both PMOS transistors
are stressed by the same amount of time during the whole lifetime. That is, an
SRAM cell contains “one” value for 50% of its lifetime. This corresponds to a duty
cycle (A) of 50%. In short, SRAM aging depends upon the duty cycle of the
transistors in an SRAM cell. If the duty cycle is balanced (which denotes
A=50%), the aging rate of SRAM cell will minimize.

Note that NBTT is not the only deteriorating mechanism active in SRAM cells.
Hot carrier injection (HCI, which mainly degrades the NMOS transistor) is another
aging mechanism which injects high-energy (hot) carriers inside the gate oxide.
This causes interface traps and thus introduces threshold voltage shift [36], which is
presented by the following equation:

A . "z;df"!h 0.5
Vi = WherSafe v t (2.11)

In this equation, ypyc; and y; are aging rate-dependent constants, s, is the
switching activity, and d,,, is the oxide thickness. This equation shows that a higher
switching activity will increase the HCI-induced aging rate and vice versa. On the
contrary, higher switching activity will reduce NBTI. Studies like [37, 38], how-
ever, emphasize that NBTI has a greater impact and is the dominating factor in
limiting the life of a circuit.

2.3.3 Other Challenges

Some other challenges, which arise due to recent fabrication technology advance-
ments, are enabling high instruction-level parallelism (ILP) and having a high
memory bandwidth. Sometimes, they are referred to as ILP wall and memory
wall. ILP wall makes it difficult to parallelize the instruction streams in order to
keep the resources busy, and, thus, it prohibits the increase in throughput. Further,
the reduced bandwidth between the caches/external memory and the computing
resources (e.g., CPUs) is a performance-limiting factor contributed by the so-called
memory wall. However, this book will only focus on power wall and SRAM aging.
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2.4 Related Work

2.4.1 Video System Software

This section presents state-of-the-art techniques for addressing different challenges
of a video system at the software layer. These issues include parallelization,
complexity reduction, and power/resource budgeting.

2.4.1.1 Parallelization and Workload Balancing

As previously discussed, parallelization is a fundamental requisite of high-
complexity video applications, which must be exploited on many-core systems,
possibly having hardware accelerators and custom logic/interfaces. The general
classification of parallelization and workload mapping practices on many-core
systems is presented in the literature [39]. However, one of the objectives of this
book is to present and analyze the application-specific properties for workload
mapping on a many-core system and improving power efficiency of the video
system. Numerous works are reported to enable parallel processing of video
applications. These works include parallel video coding/decoding [40, 41], tracking
[42], image/face recognition [43, 44], nonnegative matrix factorization [45], and
others. However, these works generally do not consider resource management,
hardware characteristics, and workload balancing.

Workload Balancing General load balancing of compute jobs among compute
entities is presented in [46, 17, 18, 47]. For power efficiency (i.e., increased
throughput-per-watt ratio), either the load of an application can be dispersed on a
given platform (load balancing [48, 49]) or a platform can be synthesized for the
given load/application (load-driven synthesis [50, 51]) under throughput and/or
power constraints. Most of the load balancing techniques consider homogeneous
many-core systems, jobs with almost equal complexity and do not consider load
variation at runtime [46, 52]. For example, [47] considers load balancing for
distributed stream processing applications in wide-area environment, under
dynamic resource consumption. In [53], load balancing between mirror multimedia
servers is discussed for both centralized and distribution load balancing techniques.
Ref. [46] deals with assigning each resource (core) with equal number of subtasks
and reaches an equilibrium state if no more jobs can be migrated from one core to
its physical, homogeneous neighbors. However, the present architectural and phys-
ical challenges for homogeneous many-core system design are not considered.
Smaller feature sizes result in physical variability of underlying transistors (also
called process variation), which transforms into variable leakage power and max-
imum frequency achievable for the homogeneous cores on the same die [54]. Thus,
compute cores can have different characteristics, even though they form a homo-
geneous many-core system. Research has also focused on combining the
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distribution and balancing of load and DVFS and dynamic power management
(DPM) of the underlying hardware resources [55]. Ref. [56] defines a single clock
frequency for the entire chip for maximum efficiency, whereas [16, 57] indepen-
dently determine the frequency of each core while distributing application load.
Authors in [16] target minimizing the power consumption for a fixed deadline,
while [57] tries to maximize the throughput of parallel running, multithreaded
applications for a given power budget.

Workload Balancing on Heterogeneous Nodes Further, to increase the through-
put-per-watt under modern system design challenges, heterogeneous multi-/many-
core systems are becoming progressively popular [33, 58]. Using architectural
heterogeneity, it is now possible for the designer to schedule a processing job on
a compute node (e.g., a core, a hardware accelerator) that will increase the
throughput-per-watt metric [59]. This way, maximum power efficiency is achieved.
For example, ARM big.LITTLE architecture [60] integrates high-performance
Cortex-AS7 big cores with low-power Cortex-A53 little cores, in order to achieve
maximum throughput-per-watt by capitalizing on adaptive application mapping
techniques. Thus, general load balancing methods are not applicable in heteroge-
neous paradigms having cores/compute nodes with unequal compute capabilities.
Parallelization and load balancing of H.264/AVC is carried out in [61], using
heterogeneous CPU+GPU systems [62, 63], without considering the impact of
power which is substantial when GPUs are used. In [33], authors target energy-
efficient workload allocation and voltage-frequency tuning of the underlying
single-ISA computing nodes. The goal is to minimize energy/power of the system.
However, their approach does not consider fulfilling the required throughput of the
application(s). In [64], authors propose to identify the program and cores’ charac-
teristics and then appropriately match them for scheduling. Reference [65] studies
parallelized database on heterogeneous, single-ISA architectures. These proposed
workload balancing approaches do not consider modern fabrication technological
challenges like power budgeting, dark silicon, etc. Moreover, generally the com-
plexity of each subtask is not equal. For example, ME can have considerable
different complexity for different video frame blocks, depending upon the content
properties and texture within the block [66, 11]. Further, the cache behavior of the
application and the physical locality of the compute node (e.g., its distance from the
external memory controller) also determine the complexity of a subtask. All these
challenges must be addressed if an efficient workload mapping and balancing
policy needs to be implemented. This is especially true for video systems under
throughput constraints.

Parallelization of Video Systems Multiple parallelization methods for video
systems are available in the literature. For example, a many-core based SIMD
implementation of H.264/AVC is given in [67], but it does not consider workload
mapping and balancing. Using partial frame-level parallelism, a 12-core system for
parallel HEVC encoding is given in [40]. Ref. [41] discusses a technique to
parallelize H.264/AVC on Cell multiprocessor. In [68], a hierarchical
parallelization of H.264/AVC is presented for low-cost cluster of cores, by
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combining multilevel parallelism. In [69], a parallel implementation of particle
filter on shared memory architectures is given. In [70], a hardware/software
partitioning is targeted for a heterogeneous processor, for MPEG-2 encoder. Ref.
[71] proposes a parallel implementation of the nonlocal means filter (NLMF) on a
GPU for denoising 3D data. Parallel video super-resolution methods are proposed
in [72, 73]. In general, not all these parallelization techniques consider workload
balancing on the many-core system, power reduction, and meeting the throughput
requirements. In addition, these techniques might require access to multiple video
frames (in the external memory) at the same time, increasing the latency of the
application. Thus, they either increase the power consumption of the system by
needlessly increasing the core frequency beyond requirement or reduce the
throughput and increase latency by burdening each compute resource with diver-
gent workloads.

H.264/AVC parallelization and workload balancing are also discussed in the
literature. Authors in [14] present a history-based technique to allocate the number
of slices per frame dynamically, for balancing workload among the multiple cores.
In their technique, each slice is mapped to a single compute core. A similar history-
based technique can be found in [15] where the skipped video frame blocks
determine the slice boundaries for parallel encoding. A two-pass slice partitioning
technique for workload balancing of H.264/AVC is given in [74], where each frame
is preprocessed, prior to being assigned into slices. However, no adaptation of
workload and frequency of the cores (and thus, of power consumption) is proposed
for these techniques.

2.4.1.2 Power-Efficient Video Processing Algorithms

A multitude of works in reducing the complexity of computationally heavy image/
video applications also exist in the literature. In a nutshell, by sacrificing a small
amount of output quality (e.g., a reduced PSNR or accuracy of tracking, increased
bitrate), the workload of the application is curtailed to meet the throughput.
Numerous complexity reduction techniques exist in the literature for HEVC
encoding [75-78]. The work in [75] (basically inspired from [79, 80]) presents a
gradient-based fast intra-mode decision for a given PU size and results in about
20% time savings. In [76], authors have also presented a fast PU size selection
algorithm for inter frames (exploiting temporal correlations for frame compression,
similar to open loop for H.264/AVC presented in [81]). A divide-and-conquer
strategy for choosing the best intra-angular prediction is given in [77]. First, eight
equally spaced modes (at a distance of 4 in both directions; see Fig. 2.6b) are tested.
Afterwards, six best modes with a distance of 2 are tested. In the end, two best
modes are left which are tested with a distance of 1 to select the best mode.
However, the number of modes selected for RD-cost determination is static and
fairly large. Similarly in [78], to reduce the total number of intra-prediction modes
tested for selecting the best predictor, an open-loop technique is utilized. Using the
current pixels instead of reconstructed pixels, the total number of predictors is
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reduced from 35 to 9. These nine modes are used for computing the rate-distortion
(RD) cost. In [82], the video frame block (CTU) is downsampled and then texture-
complexity (via variance) is computed, to determine the appropriate PU sizes for
best encoding. Reference [83] exploits the correlation of intra-prediction modes of
the current block with the final predictors of the neighboring blocks for determining
a highly probable intra-prediction mode for the current block. An edge-based intra-
prediction candidate selection technique is given in [84] to reduce the total number
of modes tested by 73% and a time reduction from ~8% to ~32%. The 4 x4 pixels in
each PU are treated for determining the principal direction, and a set of nine intra-
predictors is used for testing. However, the selection and truncation of intra-
prediction modes is not adaptive. Similarly, numerous works exist to reduce the
complexity and energy consumption of the inter-prediction engine (i.e., ME
engine). Techniques to reduce the total number of operations in ME are also widely
studied and employed [85, 10, 11]. For example, in [86], authors have proposed a
technique to reduce the off-chip memory accesses for ME, which results in 56%
memory access reduction. However, their technique is tested for a very small search
window size of 16, which is not recommended to be used for large resolution
sequences.

Other power-efficient techniques for H.264/AVC (e.g., [87, 88]) may not be
directly or efficiently applicable to new video encoders like HEVC, due to the novel
CTU structure of HEVC and nature of its angular prediction modes. Moreover,
these techniques usually do not jointly consider power efficiency and workload
balancing and do not exploit the speedup achieved via parallel encoding on a many-
core platform. Further, these techniques do not consider the underlying platform
properties (i.e., do not exploit the opportunities provided by the hardware) and the
new challenges introduced by the reduced feature sizes, while managing their
workload.

In addition to video coding, there is a plethora of other video processing
algorithms, where complexity knobs are tuned at the cost of output quality. For
example, see [89, 90]. Libraries like “open-source computer vision” (OpenCV
[91]), and standards like OpenVX [92], provide plentiful implementations of
these video algorithms.

2.4.1.3 Mitigating Dark Silicon at Software Level

The purpose of these techniques is to limit the maximum temperature or maximum
power (TDP) consumed by the system at the software level. The abovementioned
software-level techniques (i.e., parallelization, complexity reduction, budgeting,
and offloading) implicitly address the dark silicon challenges. For realizing these
techniques, mainly two distinct approaches are employed:

¢ Dynamic thermal management (DTM), which involves adjusting the voltage-
frequency or power of the cores (DVFS [93]) and even severing the power to the
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compute resources (via power gating, also called dynamic power management
(DPM))

o Tasks/thread/workload migration, which involves migrating the subtask from
one compute resource to another, in case the former’s temperature becomes
critical [94]

The frame-based energy management technique for real-time systems [95]
exploits workload variations and the interplay between DVFS and DPM, for a
real-time embedded application. It determines the optimal voltage-frequency set-
ting and power levels of the devices to minimize the system’s energy. In [96], a
trial-and-error-based centralized algorithm determines the appropriate DVFS set-
tings for the many-core system, to maximize application speedup under chip’s
power constraint. A thread mapping methodology under the constraints of thermal
safe power (TSP) is presented in [97]. The authors argue that TDP is very conser-
vative, and power more than TDP can be pumped into the chip to speed up
execution if intelligent task-mapping decisions are made. The work in [93] pro-
poses PID controller-based mechanisms at runtime for efficient utilization of the
TDP budget, in order to maximize performance of architecturally heterogeneous
cores synthesized with different power and performance targets. However, [93]
does not target power budgeting among multithreaded applications with thread-
level workload variations. In [98], a two-level closed-loop power control technique
is given. Using voltage/frequency islands on a chip, the power distribution is
divided among the compute resources. However, fine-grained power distribution
and configuration selection using this technique are not possible, which are impor-
tant for multithreaded applications with varying workloads. Furthermore, the
closed-loop control usually responds slowly, causing performance issues for appli-
cations with abrupt workload changes. Single thread-based power budgeting is
discussed in [99], which is not applicable to modern multithreaded applications.
PEPON [100] also presents a two-level power budgeting technique to maximize
performance within an allocated power cap. The technique in [57] targets control-
based chip-level and application-level power budgeting, while accounting for the
critical threads of the application.

Most of these techniques do not consider assigning compute resources to the
applications, and the varying workload of the applications at runtime, which might
require readjustment of the resource allocation. Moreover, these techniques do not
target power allocation to dependent applications or subtasks of a single applica-
tion, where the critical application or subtask will reduce the throughput of the
complete system. These works also ignore the tuning characteristics of the appli-
cations and the opportunity they might provide for increased throughput-per-watt.
Further, applications with throughput constraints must meet their deadlines (e.g.,
multimedia applications having soft deadlines and mission-critical applications
with hard deadlines), which is usually not addressed by these works; rather,
speedup is the optimization target. This poses additional challenges if the system
load (e.g., due to parallel running applications, delay in delivering Ethernet packets)
may change at runtime.
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In summary, most of these techniques do not exploit the opportunities provided
by the following:

» Selecting appropriate operating modes (configuration of different variables) of
the applications and dark silicon

¢ Determining the right compute resources at nominal frequency/voltage settings
even for unadaptable applications

Collectively, the operating modes of the application and the dark silicon provide
opportunities of having multiple power modes [101], for instance:

« Powering on more cores at lower frequency to facilitate more applications or
applications with high thread-level parallelism

¢ Powering on less cores at higher frequency to facilitate high instruction-/data-
level parallelism

» Choosing appropriate operating modes of the applications to enable higher
throughput at the same power budget

Mostly, DTM only gathers system statistics and manages the system stack
excluding the application layer. Since these techniques do not take the
application-specific characteristics into consideration, therefore, they lack power
efficiency in cases of abrupt workload variations and/or when multiple threads of
different applications (especially with mixed workload characteristics) are compet-
ing for the power budget. Hence, fine-grained power distribution and configuration
selection is not possible.

This book will only focus on DTM-based techniques for power management of
video applications, and runtime workload migration techniques will not be
considered.

2.4.2 Video Systems Hardware

This section introduces the state-of-the-art approaches that target design and imple-
mentation of video system hardware architecture to address multiple challenges.

2.4.2.1 Efficient Hardware Design and Architectures

Numerous state-of-the-art techniques exist for designing compute- and power-
efficient video systems. For encoding HD videos, new methods and tools to
administer the necessary data processing tasks and dependencies of video encoders
are required. For example, [102] discuss an H.264/AVC intra-encoder chip operat-
ing at 54 MHz clock. However, it is only capable of handling a small throughput
requirement (720 x 480 4:2:0 video at 30 fps). Additionally, the authors use a
parallel structure for generating the predictors that increases silicon area footprint.
In [103], a fast prediction selection preprocessor, based on spatial domain filtering,
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is proposed. A four-stage pipeline for edge extraction increases the latency of the
design, and processing one video block requires 416 cycles at a maximum possible
clock rate of 66 MHz. The design in [104] presents a 1920 x 1080 (1080p) intra-
encoder, providing 25 fps at 100 MHz. It takes about 440 cycles to compute the
intra-predictions. In [105], a 4K UHD (3840 x 2160) resolution at 60 fps intra-
prediction architecture is presented, which replicates hardware for high throughput
and needs to run at 310 MHz to achieve 4K UHD while still using suboptimal
prediction selection methods. In [79], authors propose a fast method of selecting the
best prediction, based on the texture flow. Authors in [106] present a low-latency
1080p, 61 fps intra-encoder architecture operating at 150 MHz. However, the
proposed design tests the predictions in parallel and takes about 300 cycles to
encode one block. Reference [81] presents a so-called open-loop (OL) method to
determine the most likely predictor based upon the original image pixels rather than
the reconstructed pixels. Similarly, a multitude of novel architectural designs for
HEVC are also available. In [107], the authors proposed an HEVC intra-prediction
HW for only 4x4 blocks. In addition to video coding, several other multimedia
processing systems are realized using efficient architectures, for example,
deblocking filters, AES, and CRC [108, 109].

Motion Estimation Many approaches to reduce the energy consumption of the
video processing systems target the ME engine for optimization, because ME (also
called block matching) is the most time- and energy-consuming process of a video
encoder. In [110], ME energy is reduced by dropping the supply voltage and then
employing error resiliency features. This results in energy savings of up to 60% on
130 nm CMOS technology. However, this technique results in extra control and
noise-tolerance circuitry and worsens the output video quality as well. Reference
[111] lessens the search space for ME and thus avoids redundant memory accesses.
However, an unnecessary brute-force full-search algorithm results in high compu-
tation effort. In addition to the technique’s failure to account for sudden motion,
their results are for CIF/QCIF videos which already require a small search space for
ME. In [112], the on-chip memory is replaced with a cache. Further, they do not
explore the opportunities by reducing the leakage energy (which is dominant for
submicron technology [113]). The work in [114] reduces the external memory
accesses by frame buffer compression, but requires additional computations. In
[115, 116], different data reuse schemes for reducing the external memory accesses
by video processing algorithms are categorized from levels A to D, with highest
latency (smallest on-chip memory) to the lowest latency (largest on-chip memory).
There are other extensions of the originally proposed levels, like level C+
[5]. Reducing the total number of predictions (ME operations [85, 10]) also
decreases the latency of execution but has little improvement for memory energy
consumption and external memory access (see details in Sect. 2.2.1.2).
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Table 2.2 Abstract comparison between NVM and VM memory technologies
Access Speed Power Consumption
Technology Dynamic Density [ NVM
Read Write Leakage
Read | Write
SRAM HH HH L L HH LL No
DRAM H H H H H H No
MRAM H L L HH L H Yes
PRAM L LL H HH L HH Yes

H denotes high, L denotes low, blue color denotes advantage, red color denotes disadvantage

2.4.2.2 Memory Subsystem

The leakage energy of the memory is of more importance in the submicron era, as it
surpasses the dynamic power of the memory [113]. Therefore, new memory
technologies are evolving that address the issues of density and leakage power. A
synopsis of some of the memory technologies and their hierarchy is given in
Fig. 2.15. Next-generation NVMs like MRAM [117-119] and Phase-change
RAMs (PRAM) [120, 121] have shown promising results towards leakage power
reduction compared to SRAM or DRAM. Application designers are considering to
exploit these memories by analyzing their advantages and disadvantages. Table 2.2
summarizes the main differences between the NVM and VM technologies. NVMs
provide high capacity and low leakage power but their write latency and energy is
substantially larger compared to that of SRAMs. However, the nonvolatility of the
NVMs can be sacrificed, and NVMs like STT-RAM can be used as VMs.

In [122] and [123], a hybrid memory architecture comprising of PRAM and
DRAM is proposed. A hybrid of scratchpad and NVMs for on-chip memories is
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given in [124]. A technique which utilizes hybrid memory for video decoding is
given in [125], where frame-level decisions for storing H.264 frames on hybrid-
memories are used. However, H.264/AVC encoder presents a harder challenge as it
is ~10x to 20x more complex than the decoder [2]. Reference [9] targets the
HEVC application and limits the external memory access by storing the video
samples (which are expected to be used later) in a hybrid combination of SRAM
and STT-RAM. Other approaches utilizing MRAMs as replacements and augmen-
tation of the traditional fast SRAMs are reported in [126, 127].

Most state-of-the-art memory subsystem designs do not jointly reduce the power
consumption of the system in conjunction with meeting the throughput demands.
Additionally, overall system characteristics (e.g., data transfer from external to
on-chip memory) are not considered.

2.4.2.3 Accelerator Allocation/Scheduling

In order to combine the advantages of both programmable and application-specific
custom architectures (e.g., ASICs), accelerator-based many-core systems are
becoming increasingly popular in the industry [128, 129]. Accelerators are
implemented as custom hardware for high-complexity parts of programs (called
subtasks), and a programmable core can offload its assigned tasks to these acceler-
ators. For examples of accelerators, refer to Sect. 2.4.2.1. Accelerators naturally
lend themselves to occupy the underutilized chip’s area, i.e., occupy dim/gray
silicon. In addition to increasing the bright silicon, accelerators are designed to
quickly process the assigned tasks. Therefore, accelerators are fundamental to high-
complexity, deadline-conscious applications. Examples include video encoding
and decoding [130] (also see Intel’s Quick Sync technology), software-defined
radios [131], etc.

For ease of discussion, we broadly classify accelerators into three categories,
based upon their flexibility and access mechanisms. These categories are also
shown in Fig. 2.16:

« First are the in-core accelerators, which are embedded as a part of the program-
mable core’s computation pipeline (e.g., Nios II custom instructions [132, 133],
vector instructions [134], application-specific instruction-set processors (ASIPs)
[135, 136]). However, note that the corresponding core can only access these
accelerators, and they are a part of the execution stage in the computational
pipeline. Therefore, these accelerators exhibit the least flexibility, as their cores
can only access these accelerators.

e The second category is clustered accelerators, where an accelerator can be
accessed by only a specific set of cores and they reside in vicinity of these
cores (e.g., within a computation tile). Such accelerators are also called tightly
coupled accelerators [137, 138]. Techniques like [139, 140] allocate the accel-
erator to the corresponding cores by offloading the soft-core subtasks, using
past-predicts-future paradigms and dynamic programming. However, these
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techniques do not consider the complete power consumption of the system, and
neither do they account for the deadlines of the running applications.

¢ The third and the most flexible category of accelerators can be accessed by all
the cores (e.g., via a network-on-chip (NoC) and PCle) and are called decoupled
accelerators or loosely coupled accelerators. It is obvious that the clustered and
decoupled accelerators are the most versatile and offer maximum advantages.
However, state-of-the-art accelerator allocation techniques presented in the
literature [141-145] for decoupled accelerators usually try to reduce the
resources used, maximize the processing speed, or reuse the accelerators’ mem-
ory as cache or reconfigurable logic. No reference to the power consumption,
frequency tuning of the cores, and deadlines of the applications is made.

Since the shared accelerator can only be allotted to a single compute resource at
a given time, therefore some of the applications running on these cores might miss
their deadlines, or these applications might change their workload at runtime.
Further, it is likely that the accelerator is not continuously utilized, which defeats
their purpose of providing power and complexity efficiency. In addition, it is also
possible that to meet the deadlines, higher than required power is pumped to the
cores. This will increase the power consumption of the system and, therefore,
elevate the temperature of the chip.

2.4.2.4 SRAM Aging Rate Reduction Methods

In general, state-of-the-art techniques for aging mitigation mainly target aging
optimization (i.e., aging rate reduction) for SRAM-based register files. However,
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these techniques do not target large memories which have distinct access behavior
and require different architectural support. The first category of techniques is based
on the principle of bit rotations (i.e., moving LSB by one position with every write
to the memory location) to improve duty cycle of registers [146, 147]. These
techniques perform ineffectively for registers with successive zeros and are bene-
ficial only when the bits inside registers are frequently modified, which is typically
not the case for large-sized memories. Moreover, applying bit rotations requires
barrel shifters at the read and write ports of the memory. We know that the total
number of multiplexers required to implement an n-bit barrel shifters is nlog,n, and
this is in addition to the control logic which is used to configure the barrel shifters.
Therefore, the area overhead of such techniques might be high.

In [35], a redundancy-based SRAM mircoarchitecture extends the life of an
SRAM cell. Similar to [148—150], this also requires architectural modification of
the 6T SRAM cell. The register value inversion techniques result in additional
reads/writes and power. The recovery boosting technique [148] adds dedicated
inverters in the SRAM cells to improve the recovery process. However, this incurs
significant power overhead, which may be infeasible for large-sized video memo-
ries, for instance, targeting image buffers for ME at high-definition (HD,
1920 x 1280 bytes) and 4K UHD (3840 x 2160 bytes) resolutions. Additionally,
it requires an alteration to the SRAM 6T cell circuitry. Another category of work is
based on bit flipping each bit at every write to the memory [147, 151, 148]. In [152],
an algorithm is introduced for balancing the duty cycle of SRAM data caches by
exploiting cache characteristics (i.e., tag bits). A similar technique is presented in
[153, 154]. These architectures and techniques depend upon the inherent properties
of caches (like flushing, cache hits, etc.) and are not directly pertinent to general
on-chip SRAM memories. Moreover, some of the mentioned balancing policies are
designed for capturing and exploiting the occurrence of a certain bit pattern and
thus perform inefficiently for other content properties and varying stress patterns.
Further, many of the reported works for aging balancing require multiple read/write
of the same data in the memory, rendering themselves to be power hungry and
increasing the latency of the application by halting their access to the memory.

Summarizing, state-of-the-art aging balancing techniques incur significant
power and area overhead by employing bit flipping or rotation at every bit level,
and reading and writing to the memories multiple times. These techniques do not
explore the tradeoff between power consumption and aging balancing. Moreover,
most of these techniques only provide elementary circuitry without exploring
benefits of different aging balancing architectures and lack full architectural solu-
tion with power-aware aging control and adaptations.

2.4.2.5 Encountering the Power Wall at Hardware Level
Brief details about handling the power wall or dark silicon at the hardware layer of

the video system is given in this section. However, the abovementioned state-of-
the-art techniques (for designing efficient hardware accelerators, scheduling the
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shared accelerator, power-efficient memories, etc.) implicitly address these chal-
lenges at the hardware layer.

At the hardware layer, different control knobs (e.g., for DVFS and DPM) are
provided to throttle the chip’s temperature within safe limits. Other techniques
employ architectural heterogeneity to trade off performance and power. Via het-
erogeneity, the system supports runtime management of tasks by providing several
degrees of freedom to the system designer. One can classify the different forms of
heterogeneity as [155]:

e Functional heterogeneity, where compute nodes exist with varying functional
behaviors and architectural details. Examples are application-specific hardware
accelerators, superscalar cores and RISC processors, GPUs in conjunction with
CPUs, reconfigurable architectures, etc. Thus, using task migrations and using
scheduling, design challenges for modern fabrication technologies can be
encountered.

e Accelerator heterogeneity, same as discussed in Sect. 2.4.2.3, i.e., in-core,
clustered, and decoupled accelerators, providing different levels of performance
and flexibility of usage. Further, approximate accelerators [156, 157] with
controllable amount of approximations can also be used to increase the
throughput-per-watt metric. This will not only increase the amount of bright
silicon but also enable higher performance.

e Microarchitectural heterogeneity, whereby different cores on the same die have
varying power and performance properties, but employ the same instruction set
architecture (ISA). An example is ARM big.LITTLE architecture [60]. For
example, [158] presents a methodology to design multi-core systems while
considering the dark silicon paradigm. The purpose of their technique is to
maximize the utilization of the silicon. In [50], depending upon the characteris-
tics of parallel running applications, dark silicon-aware multiprocessors are
synthesized using a library of available core types. In [159], special-purpose
conservation cores (c-cores) are discussed, the goal of which is to reduce the
energy consumption of the system rather than boasting performance. Device-
level heterogeneous multi-cores and resource management are exploited in [160]
to speed up the performance, as well as save energy.

e On-chip interconnect heterogeneity, whereby the network routers that connect
the multiple cores of the chip are designed with heterogeneous architectures
[161]. This provides diverse power and performance design points, available for
the system designer.

e Process heterogeneity, where the nonideal fabrication process results in core-to-
core and chip-to-chip variations in the maximum achievable frequency and
leakage power. This variation can be exploited to adaptively grow the speedup
of applications [162, 163] while meeting the TDP budgets of the chip.
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2.5 Summary of Related Work

A plethora of techniques to tackle challenges imposed by video system software,
hardware, and new fabrication technologies are presented in the state-of-the-art.
Summarizing, the state-of-the-art does not exploit the complete design space
concerning both hardware-software co-design and co-optimization. This is specif-
ically important for multimedia systems, under dark silicon and reliability threats.
For best throughput-per-watt ratio, the designer needs to consider the full-system
stack, which involves the design of software layer, to the knowledge and exploita-
tion of the hardware layer. This knowledge can be used to fully exploit complexity,
power, and resource savings and reliability improvement potential for long-term
system deployment.

Usually, the dark silicon mitigation techniques proposed in the state of the art do
not consider the throughput constraints, and they do not exploit application-specific
properties. As discussed, multimedia systems have deadline constraints, which
require intelligent power budget distribution (i.e., frequency allocation) among
the resources. Mostly, the state of the art does not consider the impact of deadlines
and resource and power budgeting for shared accelerator-based systems. This
results in suboptimal performance of the system and reduction in power efficiency.

Similarly, for SRAM aging-rate reduction, state-of-the-art techniques employ
fixed aging balancing algorithms and architectures, with significant energy over-
head. Therefore, these techniques are unable to explore the tradeoff between aging
balancing and energy consumption. Moreover, due to the added power consump-
tion, the state-of-the-art techniques might result in a higher temperature, which will
increase the aging rate in a positive feedback cycle. Further, exploring the
application-specific properties might result in high power efficiency and high
reliability, which is mostly ignored by the state of the art.
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