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Preface

This work is an attempt to provide background of a typical video coding block
and the associated design consideration and methodology for realizing such block
in VLSI circuits. Readers may find this book helpful in how an algorithm can be
mapped onto the corresponding circuits, and the trade-offs between implementing
and not implementing an algorithm in hardware.

In this book, the entropy coding tools adopted by the H.264/AVC video com-
pression standard are presented in both algorithms and VLSI architectures. The
book has two parts. Part A includes a brief background on video compression, in
which entropy compression is an influential and interdependent component; intro-
duction to the CAVLC and CABAC algorithms and their respective realized VLSI
architectures. Part B comprises a design flow for a typical CABAC coder, with
performance complexity analysis, design methodology, design consideration, and
power reduction techniques. A WISHBONE system bus interface is also integrated
into the design to enhance the portability of the CABAC encoder in a SoC-based
video coding system.

The material contained in this book was developed over several years of research,
and most recently, a research project of the same name. Citations of references
in the book are included at appropriate places. Readers are referred to leading
journals and well known conference proceedings (IEEE Transactions on Circuits
and Systems for Video Technology, IEEE Transactions on Circuits and Systems,
IEEE Transactions on Computers, IEEE Transactions on Multimedia, Proceedings
of IEEE International Conference on Image Processing, Proceedings of IEEE
International Conference on Acoustics, Speech and Signal Processing, Proceedings
of International Conference on Application-specific Systems, Architectures and
Processors) as well as several other sources for advances in the field.

The authors are thankful to the various editors, especially the following individ-
vals: Shyam Parikkal Krishnamurthy for various software simulations, Xi Jiang for
assistance in chip layout, and Trang T.T. Do for the word processing tasks.

Singapore Xiaohua Tian

St-Laurent, QC, Canada Thinh M. Le
Singapore Yong Lian
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Abstract

The latest international video coding standard H.264/AVC has significantly
improved coding performance and network friendliness. Two entropy coding
tools: Context-based Adaptive Variable Length Coder (CAVLC) and Context-based
Adaptive Binary Arithmetic Coder (CABAC) have been adopted in different profiles
of the standard. In the Baseline and Extended profiles, CAVLC is adopted, while
in the Main and higher profiles targeting high bit-rate and high definition services,
CABAC is used. The Rate-Distortion Optimization (RDO) is another very important
tool that significantly improves the coding performance of H.264/AVC standard.

The first part of this book covers the theory behind entropy coding and especially
CABAC. The second part of this book comprises a design flow for a typical CABAC
coder, with performance complexity analysis, design methodology, design consider-
ation, and power reduction techniques. A WISHBONE system bus interface is also
integrated into the design to enhance the portability of the CABAC encoder in a
SoC-based video coding system.

Compared to all other reported designs, this design supports most complete
CABAC functions, including RDO and context model selection. The design pro-
cedure is SoC-based, targeting low complexity, high coding efficiency, and ease of
system integration. The design achieves complete encoding of residual, prediction,
and control data with full support for RDO mode and negligible work left on the
host for input data packaging; and low bandwidth on system bus compared to the
reported designs.

A full-pipelined top-level architecture is adopted in the proposed CABAC
encoder, and constant coding throughput of 1 bin/cycle is achieved in different cod-
ing configurations. An efficient context access scheme is proposed to reduce context
RAM access frequency and remove context model access delay, including tech-
niques of context line access and local buffering, and context memory reallocation.
The context RAM access frequency of the proposed encoder is significantly lower
than that of designs with single context model access scheme and the design with
small context model cache allocated. Unlike most reported designs, RDO related
operations are fully supported in this CABAC encoder, including (a) coding state
backup and restoration of context model, coding interval, and coded syntax element
(SE), and (b) coding rate counting and output of each RDO mode. Compared to the

ix
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only reference design that fully supports RDO, context memory size of this design
is only 16.0% of the reference design, and the context state backup and restoration
operation delay of P8 x8 RDO coding mode is 15.5% and 16.6% of the reference
design in P- and B-frame coding tests.

The encoder design achieves higher coding speed compared to most of the
reported designs, and the encoding speed of 325 Mbin/second is suitable for the
video applications of real-time CIF coding in full RDO-on mode and HDTV coding
in RDO-off mode. It is a low power design with internal power reduction tech-
niques applied including clock gating and significant reduction of memory accesses.
The reported gate-level power consumption of the whole encoder, including SoC
interface and memory, is only 0.79 mW at HDTV720p60 8.9 Mbps RDO-off mode
coding.

It is necessary to support both CABAC and RDO in the high quality and high
definition H.264/AVC applications; however, computation complexity is also sig-
nificantly increased. Due to the serial coding nature of CABAC with strong data
dependency and frequent memory access, it is not efficient to accelerate CABAC
encoding by software optimization. Therefore, hardware acceleration of CABAC
encoding is necessary in the high bit-rate real time video encoding.
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Chapter 1
Introduction to Video Compression

1.1 Background on Video Compression

A video clip is composed of several moving images which have been recorded
in time. In order to provide quality of service over the limited communication
bandwidth, some compression is required. Compression is a redundancy reduction
process where redundancies in visual data are identified and represented using much
fewer binary digits or, hereafter bits. For instance, in a television program in which
an anchor delivers news with her head and shoulders appeared on the static back-
ground, the only relevant and moving visual information are her head and shoulders,
and the static background is unchanged for some time. Therefore, the moving head-
and-shoulders and the static background can be coded with different compression
strategies.

A camera phone taking a video having frame size of the Quarter Common
Intermediate Format (QCIF) 176 x 144 points, 15 frames per second (fps) video
rate, at a 4:2:0 sampling scheme using 24-bit RGB color, results in an uncompressed
bit stream of 15 x 176 x 144 x 12 bps or nearly 4.57 Mbits per second (Mbps).
Assuming the video is to be transmitted over the 3G communication network, this
video has to be compressed to 2 Mbps in case of stationary (non-moving) users, and
384 Kbps in case of users moving at 3 Km/h. For the user to have good viewing
experience, that is the display rate should be the same as the capture rate (after a
brief delay of about 150 ms), the stationary user must have a video phone capable
of compressing 4.57 to 2, or 2.3:1, and the moving user must have a video phone
capable of compressing 4.57 to 0.384, or nearly 11.9:1.

The larger the video frame size and the higher the video frame rate, the more
effort is required to compress visual data. Moreover, the smaller the communication
bandwidth, the more effort is required to further compress visual data. By tak-
ing advantage of the following intrinsic characteristics in the video sequences, and
applying the corresponding compression techniques, decent amount of information
reduction can be achieved:

Spectral redundancy: This redundancy exists between different color planes or
spectral bands. For example, a 24-bit color image is sampled using a 4:2:0 sampling
scheme results in a compression of 2:1. Consequently, an average of 12 bits is used
to represent a RGB picture element or pixel, hereafter.

X. Tian et al., Entropy Coders of the H.264/AVC Standard, Signals and 3
Communication Technology, DOI 10.1007/978-3-642-14703-6_1,
© Springer-Verlag Berlin Heidelberg 2011
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Spatial redundancy: This redundancy exists within a 2-D image. The redun-
dancy reduction techniques include the transform coding, such as Discrete Cosine
Transform (DCT), Discrete Wavelet Transform (DWT), Integer Transform (IT); or
in some proprietary coder, Vector Quantization (VQ).

Temporal redundancy: This redundancy exists in the temporal domain of
many adjacent frames. Examples of inter-frame transforms include: 3-D DCT,
Adaptive VQ, conditional replenishment, or the most popular technique, Motion
Estimation/Compensation (ME/C).

Statistical redundancy: This redundancy remains in post-spatial-compression
and post-temporal-compression. Such statistical redundancy reduction techniques
are Run Length Coding (RLC), Variable Length Coding (VLC) which are fur-
ther classified to Huffman and Arithmetic Coding, Context-based Adaptive VLC
(CAVLC), and Context-based Adaptive Binary Arithmetic Coding (CABAC).

In the following sections, the redundancy reduction techniques will be pre-
sented. The term “redundancy reduction” is used interchangeably with the term
“compression”.

1.2 Spectral Redundancy Reduction Techniques

Spectral can be loosely associated with color bands. Color bands can be treated
differently based on human eyes’ responses to each color bands. For instance, green
is better perceived than red, and subsequently, red is better perceived than blue.
The Consultative Committee for International Radio (CCIR) 601 defines the
relationship among the Iluminance component, Y, and “reddish” and “bluish”
chrominance components C; and Cy, respectively; sampling using a 4:4:4 scheme,
and digitally gamma-corrected 24-bit Red Green Blue (RGB) values, as follows:

Y =0.299R 4 0.587G + 0.114B (1.1)
C, =0.5R —0.419G — 0.081B 1.2)
Cp = —0.169R — 0.331G + 0.5B (1.3)

And, inversely:
R =Y+ 1.402(C, — 128) (1.4)
G =Y —0.34414(Cp — 128) — 0.71414(C, — 128) (1.5)
B=Y+1.772(C, — 128) (1.6)

The YC;Cy, (or YUV) sampling schemes are summarized in Fig. 1.1 below:
In Fig. 1.1, an X represents the sampling grid of the Y component, while an
O represents the sampling grid of the C; or Cp, component. In the 4:4:4 sampling
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4:4:4 4:2:2 4:2:0 4:2:0
(MPEG-1, H.26x) (MPEG-2)

Fig. 1.1 YUYV sampling schemes

scheme, for every X, there is one O for C;, and one O for Cy,. Note that the O of C;
and the O of Cy, are co-located at the same point on the grid. Therefore, if 24 bits
are used to represent 3 colors red, green, blue, the same 24 bits are used to represent
Y, C;, and Cy. No spectral compression is achieved.

In the 4:2:0 sampling scheme, for every 4Xs, there is one O for C;, and one O
for Cy,. In other words, for every X, there is one quarter of O for C;, and one quarter
of O for Cy. If 24 bits are used to represent the 3 colors R, G, B, then only 12
bits are effectively assigned to Y, C;, and Cy,. Spectral compression is achieved by
representing 24-bit grid blocks with 12 bits of color, or a 2:1 compression ratio.

1.3 Spatial Redundancy Reduction Techniques

Spatial domain compression techniques are referred to as intra-frame (I-frame) cod-
ing. The I-frame is coded independently without the knowledge from the preceding
or succeeding frames. Predictive coding, scalar and vector quantization, transform
coding, and entropy coding are common intra-frame coding techniques. Modern
video coding standards employ most of them. Predictive coding and transform
coding are discussed as follows.

The original predictive coding — widely used in voice communication systems —
is known as Differential Pulse Code Modulation (DPCM). In intra-frame image cod-
ing, it explores the mutual redundancy among the neighbouring pixels. Rather than
directly encoding the intensity of a pixel, its value is first predicted from the previ-
ously encoded pixels. Then the predicted pixel value is subtracted from the actual
pixel value, and only the prediction error is encoded (instead of the absolute value).

From the frequency domain viewpoint, image data consist of low- and high-
frequency coefficients. Human eyes are sensitive to low-frequency coefficients
while high-frequency coefficients have less contribution to image quality. Hence,
a transform coder transforms an image from the spatial domain to the frequency
domain, and exploits the fact that a large amount of signal energy is concentrated in
a small number of coefficients, at low frequencies if DCT is applied.

More precisely, an image can be partitioned into blocks, such as 4 x 4, 8 x 8§,
and 16 x 16, and transform coding is operated on the block-by-block basis. The
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transformation matrix is a group of low-pass, band-pass, and high-pass filters which
partition the power spectrum into distinct frequency bands. Most of the image signal
energy, after transformation, stays within the low-frequency band, and concentrates
in large coefficients at the upper left corner of the image block. On the other hand,
high-frequency bands carry less signal energy, and their coefficients appear smaller
in magnitude, and concentrate at the lower right corner of the block. After quanti-
zation, the smaller high-frequency band coefficients will effectively become zeros,
and are discarded in entropy coding. Many transform algorithms have been proposed
and reviewed in the following sections.

1.3.1 Discrete Cosine Transform (DCT)

DCT has been adopted as transform coder in the JPEG, H.26x, and MPEG-1 and -2
compression standards due to its excellent energy compaction for highly correlated
data, and the availabilities of fast algorithms among the orthogonal transforms.
Given a data sequence x(k), for k = 0, 1, 2, ..., N-1. The 1-D N-point forward
DCT X(n) is defined by:

2 N-1 w2k + Dn
X(n) = <Gy Zk:o x(k) cos [T] 1.7)
wheren=0, 1, ..., N-1
And its inverse DCT, x(k), is computed as:
N—1 72k + Dn
x(k) = Zn:O C,X(n) cos [T} (1.8)

wherek =0, 1, ..., N-1

-

—n=0

!

o
C, n#0

The first DCT algorithm was proposed by Ahmed et al. [Ahmed74] where a
double-sized Fast Fourier Transform (FFT) algorithm was used with complex arith-
metic throughout the computation. Chen et al. [Chen77] later presented a faster 1-D
DCT computation (Fig. 1.2) by exploiting the sparseness of the matrices involved.
For N=8, the numbers of additions and multiplications are 26 and 16, respectively.
Lee [Lee84] further improved the technique by reducing the number multiplications
to 12.

For image and video compression, 2-D DCT is required. Given a 2-D data
sequence X;j, where i, j = 0, 1, 2, ..., N-1. The N x N forward DCT Xy is
defined by:
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Fig. 1.2 Forward DCT flow graph for N = 8, Ci = cos i, Si = sin i [Chen77, Rao90]

N—IN-1

(21 + l)kn 2j+ Din
> Y
2N

ZCkCl

Xy = (1.9)

i=0 j=0

The inverse DCT is defined by:

N—1N— . .

ZCkCI (2t + Dkm 2j+ Din

Xkl = ( E E N cos N (1.10)
k=0 [=0

1
where ¢, = ¢; = —2, if k, ] =0 and c; = ¢; = 1, other wise.

By observing the pairs of Egs. (1.7) & (1.8), and (1.9) & (1.10), it can be seen
that the 2-D DCT operation is separable. Separability enables the transformation to
be performed by taking a 1-D DCT on the rows of the input block, followed by a 1-D
DCT on the columns of the semi-transformed matrix. This technique is sometimes
referred to as row-column decomposition. The computational complexity is, there-
fore, 2 N times the numbers of additions and multiplications required for a 1-D DCT.
For N=8, the number of additions and multiplications are 416 and 256, respec-
tively, using Chen’s algorithm [Chen77]; and 464 and 192, respectively, using Lee’s
[Lee84]. Later, Cho et al. [Cho91] proposed a 2-D DCT algorithm which required
only 466 additions and 96 multiplications. In this algorithm, the 1-D DCT opera-
tions are first applied to the groups of odd-numbered samples and even-numbered
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samples. The results of these operations then undergo some additions and shiftings
(division by 2) before producing the final results.

In some applications, the DCT coefficients are scaled immediately after the trans-
formation. The scaling factors (i.e. quantization coefficients) may be incorporated
onto the matrices if no change to the quantization matrix is anticipated. Feig et al.
[Feig92] proposed a 2-D scaled-DCT technique resulting in significant reduction
in the number of additions and multiplications. For N=8, 462 additions and only
54 multiplications are needed. In theory, algorithms with the minimum number of
multiplications are preferable. However, in practice, ease of implementation, regular
structures and testability, as well as minimum buffer size are preferred.

1.3.2 Integer Transform (IT)

In the existing H.264/AVC video compression standard, the residual data will be
coded using four different operations: 4 x 4 integer transform, 8 x 8 integer
transform [Gordon04], 4 x 4 and 2 x 2 Hadamard transforms [Malva03]. The
macroblocks with their scanning order are summarized and depicted in Fig. 1.3
[Richardson03]

The first type of transform is applied to 4 x 4 luma blocks 0—15 and 18-25. The
second transform is applied to 8 x 8 blocks. The third and fourth types are applied
to DC coefficients block —1, 16, and 17, when the macroblock is encoded in 16 x 16
intra-prediction mode.

16 17

]

[20 21 |‘24 25
Cb Cr

Fig. 1.3 Scanning order of residual blocks within a macroblock

1.3.2.1 The Integer Transform

Y = (C4XCH O E, (1.11)
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where C4 and Ey are given by:

11 1 1
2 1 -1 =2
G=11 | 1 i (1.12)
1 -2 2 -1
a? ab)2  a? ab/2
abj2 b*/4 abj2 b*/4
Er = (1.13)

a*  ab/2 a*  ab)2
ab/2 b*/4 abj2 b*/4

and X is the input matrix.
The © symbol indicates that each element of (Cs X Cf) is multiplied by the
scaling factor in the same position in the matrix Ey. CZ is the transpose of matrix Cy.
The 4 x 4 inverse integer transform can be written as:

X=Cy(YoE)C] (1.14)
where Ci and E; are given by
1 1 1/2
12 -1 -1

12 -1 1
~1 1 -1/2

(1.15)

—_ = e

a® ab a* ab
p_|ab v oab (1.16)
"1 d® ab & ab '

ab b* ab b*

The 8 x 8 forward and inverse integer transforms can be performed in a similar
manner [Richardson03].
The 4 x 4 Hadamard forward and inverse transforms are given by:

Y = (HXH")/2 (1.17)

X = HYH” (1.18)
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where:
1 1 1 1
1 1 -1 —1
H = 1 -1 -1 1 (1.19)

I -1 1 -1

The 2 x 2 Hadamard transform use the same formula for forward and inverse:

Y = HXH' (1.20)
ithgy = |1 ] (1.21)
w1 = 1 —1 .

1.3.2.2 Quantization and Rescaling

The scalar multiplication in the forward and inverse transforms can be absorbed into
the scalar quantization step. The basic quantization operation for forward (1.22) and
inverse (1.23) transform can be defined as follows:

Z;j = round (Yij/ Qstep) (1.22)

Yij = Zij>‘< thep (123)

There are 52 values of Qgep supported by H.264/AVC, and each has a quantiza-
tion parameter (QP) associated with it.

To integrate the scalar multiplication by matrix Ey or E; as shown above, and to
avoid any division operations, the equation is changed to:

Z;j = round (Yjj X (PF/ Qstep)) (1.24)
Yy =Zij x PF x Quep X 64 (1.25)
where:
PF/Qytep = MF /2775 (1.26)
gbits = 15 + floor (QP/6) (1.27)

And PF is the value from matrix Er or E; depending on the location of Y;.
Finally, (1.24) can be rewritten as follows:

|Z;i| = (Y| x MF +f)) > gbits (1.28)
sign (Z;j) = sign (Yyj) (1.29)

The Offset parameter, f'is 2abits/3 for Intra Blocks or 24256 for Inter Blocks.
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1.3.3 Discrete Wavelet Transform (DWT)

Wavelet Transform [Mallat89] offers a wide variety of useful features, in contrast
to other transforms, such as Fourier Transform or Cosine Transform. These features
include no blocking effect, lower aliasing distortion for signal processing applica-
tions, and inherent scalability. Due to the non-blocking property, Wavelet has been
adopted for the JPEG2000 image compression standard.

DWT represents an arbitrary square integrable function! as superposition of a
family of basis functions called wavelets. A family of wavelet basis functions can
be generated by translating and dilating the mother wavelet corresponding to the
family. The DWT coefficients can be obtained by taking the inner product between
the input signal and the wavelet functions. Since the basis functions are translated
and dilated versions of each other, a simpler algorithm, known as Mallat’s tree algo-
rithm or pyramid algorithm, was proposed [Mallat89]. In this algorithm, the DWT
coefficients of one stage can be calculated from the DWT coefficients of the previous
stage, which is expressed as follows:

Wi (n,j) =y Wi(m,j— 1)g(m — 2n) (1.30)

Wi(n.j) =Y Wi(m,j— 1)h(m — 2n) (1.31)

where W1 (p,q) is the pth scaling coefficient at the qth stage; Wy(p,q) is the pth
wavelet coefficient at the qth stage; and h(n) and g(n) are the dilation coefficients
corresponding to the scaling and wavelet functions, respectively. Figure 1.4 shows
this relationship.

When computing the DWT coefficients of the discrete-time data, it is assumed
that the input data represent the DWT coefficients of a high-resolution stage.
Equations (1.30) and (1.31) can then be used to obtain DWT coefficients of the
subsequent stages. In practice, this decomposition is performed only for a few
stages. The dilation coefficients h(n) also represent a low-pass filter, while those
of g(n) represent a high-pass filter. Therefore, DWT extracts information from

W > >4
nesg (n,?) + 2 w, R s
0.2 Ve Wy L — 1
W > *2 n3)| + 2
(n.1) W > +2
(n.2) W, > * 5> 1
(n,3)

Fig. 1.4 3-stage 1-D DWT decomposition using pyramid algorithm [Mallat89]

T A function s(t) is square integrable if the following expression exists: i s2(t)dt < oo
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the signal at different scales. The first level of wavelet decomposition extracts the
details of the signal (high-frequency components) while the second and subsequent
wavelet decompositions extract progressively coarser information (lower-frequency
components). In order to reconstruct the original data, the DWT coefficients are
up-sampled and passed through another set of low- and high-pass filters, which is
expressed as:

Wi(n,j) = Z Wi(k,j+ DR (n — 2k) + Z Wu(Lj+ 1)g'(n —21) (1.32)
k l

where h’(n) and g’(n) are respectively the low- and high-pass synthesis filter corre-
sponding to the mother wavelet. It is observed from (1.32) that the jth level DWT
coefficients can be obtained from (j+1)th level DWT coefficients.

Similar to the 2-D DCT, the 2-D DWT is also computed using row-column
decomposition technique. In the first level of decomposition (Fig. 1.5), one low-pass
sub-image (LL;) and three orientation selective high-pass sub-images (LH», HL;,
and HH») are created. In the second level of decomposition, the low-pass sub-image
LL, is further decomposed into one low- (LL3) and three high-pass sub-images
(LH3, HL3, and HH3). This process is repeated on the low-pass sub-image to derive
the higher level of decompositions. In other words, DWT decomposes an image into
pyramidal structure of sub-images with various resolutions corresponding to the dif-
ferent scales. The inverse wavelet transform can be calculated in the reverse manner,
i.e., starting from the lowest resolution sub-images, the higher resolution images are
calculated recursively.

Unlike 2-D DCT where operations are performed on the non-overlapping n x n
blocks where n is usually small, 2-D DWT requires operations on the entire image.
Therefore, 2-D DWT can be classified as global operations. To efficiently implement

LL4 | LH4
LH3
HL4|HH4
LH2
HL3 HH3
HL2 HH2

Fig. 1.5 Three-level 2-D wavelet decomposition
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2-D DWT, either a 1-D architecture having a global data transposer, or a 2-D
architecture is required.

1.4 Temporal Redundancy Reduction Techniques

Redundancy among the 2-D frames in the temporal dimension is said to be inter-
frame transform coded. Such techniques can be Interframe Transform Coding
such as 3-D DCT, Adaptive Vector Quantization; Conditional Replenishment; and
Motion Estimation/Compensation (ME/C).

1.4.1 Interframe Transform Coding

By inspecting Egs. (1.9) and (1.10), the separability property enables us to extend
transform coding such as DCT to dimensions larger than two. As an example of a
sequence of images, 3-D DCT can be implemented by a series of 1-D DCTs along
each of the dimensions [Rao90]. Implementation of the 3-D DCT of a sequence of
L frames on the n x n pixel blocks is performed as follows: First, the L-point 1-D
transform is executed along the temporal direction, following by the 2-D transform
of the frame data.

In video sequences, the statistics along the temporal dimension may vary sig-
nificantly, therefore, adaptive techniques can substantially improve the coding
performance [Habibi77]. For example, the effective number of bits assigned to each
coefficient can be made proportional to the coefficient variance [Roese77]. Although
transform coding can be extended to multiple dimensions, practical applications
appear to be limited [Rao90].

1.4.2 Conditional Replenishment

The conditional replenishment technique [Netravali80] is based on dividing each
frame into stationary and non-stationary parts. Only the changed parts are coded. If
x; j,+ is a pixel at location (7, j) in the current frame (¢), then the predicted value of
X;j,+ is the reconstructed value X; j,;—1 at the same spatial location in the previous
frame (¢ — 1). The prediction error in this case is calculated using:

€ijt = Xij,1 — Xij,1—1 (1.33)

If the magnitude of ¢; ;, is greater than a pre-specified threshold, then it is
quantized, coded, and transmitted along with the address (i, j) of x;, ot
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1.4.3 Motion Estimation

Motion estimation is a widely used technique to exploit the temporal correlation in
a video sequence. Motion estimation attempts to obtain the motion information for
the various regions/objects in a scene. Using motion estimation, high compression
can be achieved by coding an n x n pixel block in the current frame by a motion
vector (with respect to the best match block in a search area — SA- of the previ-
ous frame), and followed by the DCT coefficients of the estimated errors. There
are two main classes of motion estimation/compensation algorithms: pel-recursive
[Netravali89] and block matching (BMA’s) [Jain81]. Pel-recursive algorithms eval-
uate the displacement of each pixel individually. These algorithms do not require
the transmission of motion information but recursively use the luminance change
to find the motion information. The advantage of a pel-recursive algorithm is the
ability to overcome problems of multiple moving regions/objects as well as part of
a region/object undergoing different displacements. The drawback of pel-recursive
algorithms is the overwhelming information involved. Therefore, it is often operated
in a predictive manner, that is the motion vectors between frame(f) and frame(r—1)
are predicted using the corresponding motion vectors between frame(r—1) and
frame(z—2).

Block matching algorithms, on the other hand, assume that all pixels within a
block have the same motion and behave well provided that the following conditions
are met:

1. Zooming and rotation of objects are not considered. This is because the objects
are assumed to move in translational mode in a plane that is parallel to the camera
plane;

2. Pixel illumination between frames is spatially and temporally uniform;

. Object displacement is constant within a small 2-D block of pixels; and

4. Matching distortion increases monotonically as the displaced candidate block
moves away from the direction of the minimum distortion.

W

The most popular ME technique is the full-search block matching algorithm
(FBMA) and is used as a benchmark to other simplified algorithms. FBMA searches
all possible displaced locations within a n x n pixel SA to find the best match. Many
objective matching criteria, MSE and MAE, to name a few, have been used to find
the best match block [Chou89]. The MAE criterion is preferred because it requires
no multiplication while achieving similar performance compared to the MSE.

1.4.3.1 Full-Search Block Matching Algorithm (FBMA)

The most popular ME technique is the full-search block matching algorithm
(FBMA) [Jain81] and is used as a benchmark to other complexity reduction algo-
rithms. FBMA searches exhaustively all possible displaced locations withinann x n
pixel search area (SA) to find the best match. Many objective matching criteria,
Mean Square Error (MSE) and Mean Absolute Error (MAE), to name a few, have
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been employed to find the best match block [Chou89]. The MAE criterion is pre-
ferred because it requires no multiplication while achieving similar performance
compared to the MSE. The FBMA is described as follows:

Let X be the n x n pixel reference block located at coordinates (i, j), Yisk, j+1
be the n x n pixel candidate block at coordinates (i+k, j+1), and p be the maximum
displacement (in steps of integer number of pixels). The search area is, therefore,
of the size (n+2p)2, while the number of search locations is (2p+1)2. The MAE
distortion measure is given by:

1 n n
MAE (X.Y) = —— 21:21: |X; j — itk j41 —p<kl<p (134
=1 j=

The block matching process between any 2 consecutive frames is shown in
Fig. 1.6.

In Fig. 1.6, the current frame(t) is divided into non-overlapping reference blocks.
Each reference block in frame(t), is compared with the candidate blocks within
a search area in the previous frame(t—1) in order to obtain the best match. Prior
to searching, a reference coordinate is chosen. Usually, the center of the refer-
ence block and the center of the research area are chosen as reference coordinates.
To simplify the search algorithm, the top-left corners can be chosen as reference
coordinates as shown in Fig. 1.7.

In Fig. 1.7, the reference block A of size 16 x 16 is shown on the left, while the
search area is shown on the right. The FBMA is described as follows:

_,| n+2p |<_

Search area (SA)

L] L] L] L] L] L] L[] L]
J— n o o v ° Motion vector
L] L] (] C/
n+2p e o . .
L] L] » L] L] L] L [ )

T e o e _eo o ®

Previous frame

Current frame

Fig. 1.6 The block matching process
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Fig. 1.7 Grid-based block matching process

e The reference block A is compared with the candidate block B, one-by-one by
moving one pixel to the right across the columns, and one pixel down the rows,
until a candidate block (which results in the least distortion) is found.

e Distortion at a particular displacement is calculated by summing all the 256 abso-
lute differences of the respective pixels. In Eq. (1.34), the 1/(n2) factor can be
ignored since all distortions are divided by the same value n?.

There are a total of (16+1)> = 289 search locations. The single location which
results in the least distortion will be selected as the best match, and the (k,1) dis-
placement between the reference block and the best match (candidate) block is used
to represent the corresponding motion vector.

For each of the (2p+1)? search locations, the MAE computation requires 2n>
operations (one subtract-absolute operation, and one addition). Thus, for K refer-
ence macro-blocks, the computational complexity of FBMA is of order O(2Kn?
(2p+l)2). In a H.264/AVC QCIF video frame, namely size 176 x 144 pixels,
K=(176/16)x(144/16)=99, with n=16 and p=8, more than 27 million operations
are required.

Motion estimation is well-known for its achievable visual data compression tak-
ing advantage of the trackable movement of moving objects/scences, yet it is also
well-known for its highly intensive computation. Assuming that the factor 1/n>
is factored out, for each distortion computation shown in Fig. 1.8, the following
operations are required:

MAE| =]A(0,0) — B(0,0)| + ...+ |A(0,15) — B(0,15)| + ... + |A(15,0)

—B(15,0)| + ...+ |A(15,15) — B(15, 15)|
(1.35)
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Fig. 1.8 Three-step search [Koga81]

To perform distortion computation, two general approaches are carried out:

e To compute MAE; or any MAE; in a sequential manner, each “subtraction-
absolute” (ABS) operation can be performed followed by a summation (ADD).
Sequential computation is the least costly in terms of hardware resources, but it
takes the longest time.

e To compute MAE; or any MAE; in a parallel manner, 16 “subtraction-absolute”
(ABS) operations can be performed in parallel followed by parallel summations
(ADD). Note that any degree of parallelism can be architected. For example, 2,
4,8, 16, 32, 64, 128, or 256 “subtraction-absolute” operations can be performed
in parallel. The higher the degree of parallelism, the faster the operation, and
consequently the more hardware is used, and the costlier the solution.

1.4.3.2 Group 1: Reduction in the Number of Search Locations

In the Three-Step hierarchical Search technique (TSS), Koga et al. [Koga81] have
proposed a divide-and-conquer search method where the entire SA is first divided
into 9 sub-SA’s. After the first iteration, the sub-SA which results in the lowest MAE
will be further divided and searched until a 3 x 3 search window is obtained, and
the final motion vector is determined (Fig. 1.8).

The TSS algorithm is reported to achieve a speed-up of 9 while it suffers a loss
of 0.5-1.5 dB in performance compared to FBMA [Lu97].

Lu et al. [Lu97] further optimized the TSS by making directional decision,
referred to as Simple and Efficient Search (SES), based on half of TSS’s search
locations. There are two phases to SES. Phase one is to identify a search quadrant,
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Fig. 1.9 Simple and efficient search

and phase two is to find the minimum error location in the selected quadrant. Let
point A be the center of the SA (Fig. 1.9), points B and C (shown by clear boxes) be
the search locations on the right of and below point A, respectively. The quadrants
are numbered from I to IV in the counter clockwise direction. The procedure for
identifying a search quadrant can be described as follows:

If MAE(A) > MAE(B) and MAE(A) > MAE(C), quadrant I is selected;

If MAE(A) > MAE(B) and MAE(A) < MAE(C), quadrant II is selected;

If MAE(A) < MAE(B) and MAE(A) < MAE(C), quadrant III is selected; and
If MAE(A) < MAE(B) and MAE(A) > MAE(C), quadrant IV is selected.

Once a quadrant is selected, on the average, two other locations are searched
(solid boxes). Therefore, the number of search locations required in the first step is
5 (A, B, C, and 2 others); and the number of search locations needed in subsequent
steps are 4 (new B, new C, and 2 others). Therefore, SES achieves a speed-up of
nearly 2, while having a degradation of less than 0.1 dB compared to TSS.

In the 2-D Logarithmic Search (2-D LS), a moving window technique is applied.
Five locations which contain the center of the search window and the four points
corresponding to the North, South, East, and West directions will be searched. The
search procedure starts from the center of the SA and proceeds to the N, S, E, and W
directions, whichever results in the smallest distortion. Once the search focuses at
a particular center, the step size between the search locations is reduced by a factor
of 2. The search procedure is repeated until the search window is reduced to a 3 x 3
pixel window. In this final step, all 9 locations within the window are searched.

Finally, in Conjugate Direction Search (CDS), Srinivasan et al. [Srinivasan85]
propose a multiple 1-D search. Starting at point A, the search proceeds, location by
location, in the horizontal direction. Once the position associated with the lowest
MAE is obtained, at point B, the search proceeds in the vertical direction. When the
lowest MAE is obtained, at point C, the diagonal connecting A and C will then be
searched. The best match location is assumed to lie on the line connecting AC.
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1.4.3.3 Group 2: Reduction in the Number of Pixels Involved

Liu et al. [Liu93] have proposed two algorithms for block motion estimation that
produce similar performance to that of FBMA with computation reduced by a factor
of 8 or 16. The algorithms are based on pixel decimation (PD) and motion-field
(MF).

PD is developed based on the assumption that all pixels in a block move by
the same amount, therefore, a good estimate of the motion could be obtained by
using only a fraction of the total number of pixels in that block. This technique
employs every other pixel of the block with alternating patterns for motion vector
determination. Thus, a computation reduction of 4 is achieved while preserving the
motion-estimation accuracy.

Figure 1.10a shows an example of alternating patterns used on a 4 x 4 pixel
block. The motion vector of macroblock 3 is determined by group of pixels a,
macroblock 2 uses group of pixels b, and so on. PD is reported to degrade the
performance by approximately 0.1 dB compared to FBMA.

Fig. 1.10 Pixel decimation ;
and motion field FE POl Dloos (-5.3)
2 x 2 macroblock |
a|bla|b Y
cldleld 37| 2 (-53) | (-43) | (-3.3)
—- i
a|blal]b 4 |
c [d]c |d (-3.3)
a) Pixel Decimation b) Motion Field

A collection of all motion vectors defines a motion field. Motion fields of image
sequences are usually smooth and slowly varying, with discontinuities limited to the
boundary of objects moving in different directions or with different velocities. As a
result, it is not uncommon to find neighbouring blocks with identical or near identi-
cal motion vectors. Motion estimation using motion field is performed in two steps.
First, every other macroblock is estimated using any block matching algorithm.
Then, the motion field is appropriately interpolated so that the motion vector of a
block is determined from the predetermined motion vectors of the surrounding mac-
roblocks (Fig. 1.10b). Interpolation requires only a small number of operations, so
a sub-sampling of the motion field by a factor of 2 reduces the computational com-
plexity by the same factor. The author also reported that sub-sampling the motion
field by a factor of 2 causes only a minimal increase in prediction error [Liu93].

Later, Kim et al. [Kim95] extended PD to a 16:1 sub-sampling technique. This
algorithm results in a degradation of less than 0.6 dB compared to PD.

1.4.3.4 Group 3: Reduction in the Bit-Depth of the Pixel

Belonging to the class of low-complexity BMA’s, Gharavi et al. [Gharavi90] have
proposed a technique where the pixels involved are classified into matched or
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mismatched pixels, and hence the name Pixel Difference Classification (PDC). By
definition, a pixel is matched when the absolute difference between the pixel in the
reference block and the corresponding pixel in the candidate block is less than a
threshold. The candidate block with the largest number of matching pixels is cho-
sen to be the best match. The selection of matched/mismatched pixels primarily
relies on a threshold which is subject to illumination changes within a frame or
among frames. Feng et al. [Feng95] have introduced a Bit Plane Matching (BPM)
technique, where the block mean is used as the threshold in contrast to an arbitrar-
ily chosen threshold in PDC. If a pixel value is greater than the block mean, it is
set to 1, otherwise, it is set to 0. Since block mean is required, there is a blocking
effect on the generated binary frames, hence, the estimation performance is reduced
by the block boundaries. In Natarajan et al.’s technique [Natarajan97], a 16 x 16
convolution kernel K which behaves like a band-pass filter, is applied, where:

3 i,j€[1,4,8,12,16]

K =
" 0  otherwise

(1.36)

If a pixel in the original frame is greater or equal to the corresponding pixel in
the filtered frame, the resulting binary pixel is set to 1; otherwise, it is set to 0. This
technique, referred to as Band-Pass Bit Plane Matching (BP_BPM)), is superior to
PDC and BPM.

In fact, BP_BPM is a modification to BPM. While BPM calculates the thresholds
using 256 values on fixed 16 x 16 windows, BP_BPM calculates the thresholds
based on a 4-spacing-grid moving 16 x 16 windows. BP_BPM is, therefore, able to
remove the blocking effect.

1.5 Statistical Redundancy Reduction Techniques

1.5.1 Run Length Coding (RCL)

The objective of image/video compression is to enable storage and transmission
of visual data efficiently. In this case, the amount of visual data should be “com-
pressed” in such a way that the final file size is optimally minimize while not
compromising quality. A facsimile page can also be seen as an image composing
of two levels of gray: black (represented by a “0”’) and white (represented by a “17).
If this page is scanned line-by-line, from the upper left of the page to the lower
right, the result is a series of 0’s and 1’s. The total length of the series, or the num-
ber of source symbols, can be reduced by replacing pairs having a run of 0’s and an
ending 1, by pre-defined bit patterns. That is why Run Length Coding (RLC) was
name for such technique.

RLC can be applied to series of zero-valued and non-zero transformed coeffi-
cients such as the Discrete Cosine transformed coefficients. The result of an n x n
DCT, after quantization, is a series of n coefficients, comprising many zeros. When
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the transformed coefficient is zig-zag scanned, the runs of zero-valued coefficients
become apparent and a run length coder can be applied.

Recall from Sect. 1.3 on Spatial Redundancy Reduction Techniques that, the
uncompressed 8 x 8 pixel block is discrete cosine transformed into an 8 x 8
pixel block of DCT coefficients. The so-called energy of the block is relocated to
concentrate at the upper left corner of the block. In order to efficiently encode the
transformed block, a zig-zag scanned sequence is developed as shown in Fig. 1.11.

Assuming the following zig-zag scanned sequence of 4 x 4 DCT coefficients is
obtained:

55,0,-32,0,0,0,-5,0,0,0,0,0,2,0,0,1

The first value, 55, is called a DC value (as opposed to AC values), and is coded
differently. The outputs of the RLC are (1, -32), (3, -5), (5, 2), and (2, 1). It is noted
that 16 coefficients have been reduced to 4 sets of values. Further reduction can be
made using Huffman coding (Sect. 1.5.2), and Arithmetic coding (Sect. 1.5.3).

1.5.2 Huffman Coding

The sets of values (run-of-zeros, non-zero coefficients) can be further compressed
using Huffman coding [Huffman52] as follows:

The more probable pair is coded with a shorter bit pattern, and all the bit patterns
must be uniquely decodable.

The results of Huffman coding of the 4 pairs of values are shown in Table 1.1.

Table 1.1 Huffman codes for 4 pairs: (1, -32), (3, -5), (5, 2), and (2, 1)

Assumed freq. Assigned
Pair of values Seen as symbols of occurrence codeword
(1,-32) A 0.500 0
(3,-5) B 0.250 01
(5,2) C 0.125 011
2, 1) D 0.125 111
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In Table 1.1, the pairs are arranged in decreasing order of their probability of
occurrence. A look-up table (LUT) is established and as results, (1, —32) is repre-
sented by 0; (3, -5) by 01; (5, 2) by 011; and (2, 1) by 111. The resulting Huffman
encoded bit-stream is 0, 0, 1, 0, 1, 1, 1, 1, 1. Of course, when decoding, the same
table look-up must be used to translate O to (1, —32) and subsequently 0, -32; 01 to
(3, -5) and subsequently 0, 0, 0, —-5; 011 to (5, 2) and subsequently 0, 0, 0, 0, 0, 2;
and finally 111 to (2, 1) and subsequently 0, O, 1.

In case of no compression, a byte is used to represent each number in this
sequence: 0,-32,0,0,0,-5,0,0,0,0,0, 2,0,0, 1. Thus, 8 x 15 = 120 bits would
be needed. On the other hand, if RLC is applied, followed by Huffman coding, only
8 bits are needed to represent this same sequence. Therefore, a compression ratio of
120:8 or 15:1 is achieved.

1.5.3 Arithmetic Coding

Compared to the other lossless VLC techniques [Moffat02] including Elias, Golomb
and Rice, Shannon-Fano, and Huffman [Huffman52] where each codeword must
be represented by integer number of bits, codeword in Arithmetic Coding can be
represented using fractional number of bits. Shannon first mentioned the possi-
bility of such coding technique in 1948 [Shannon48]. Elias explores the idea of
successive subdivision of coding interval [Abramson63] in the 1960s. The com-
plete scheme of arithmetic coding was proposed by Rissanen [Rissanen76] and
Pasco [Pasco76] independently in 1976, in which finite-precision arithmetic cod-
ing was implemented. Further research works include hardware-oriented arithmetic
coders [Langdon84] of IBM and software-oriented arithmetic coders by Witten
et al. [Witten87], which made it practical for applications requiring image and video
compression.

The arithmetic coder generates codeword by representation of subintervals of the
interval [0, 1] with fractional number of bits. The ratio of each subinterval to the
current interval is proportional to the probability of occurrence of the corresponding
coding event. Coding events can be of different types: pairs of (run of zeros, non-
zero value), motion vectors, etc. Coding events of different types can be encoded
using different LUTs.

If only two events are coded, 1 bit is used to represent the most probable symbol
(MPS) and the least probable symbol (LPS). For this reason, it is called binary
arithmetic coding and each coding symbol is called a bin.

As shown in Fig. 1.12, the coding interval for binary arithmetic can be defined
as [Low, Low + Range), where Low indicates the lower boundary and Range indi-
cates the range over which the probability of a coding event falls into. For each
bin encoding, corresponding to MPS and LPS, the interval is subdivided into two
sub-intervals: [Lowmps, Lownps+ Rangemps), and [Lowy ps, Lowy ps + Rangey ps);
and a particular sub-interval is selected based on the probability of a coding bin. In
this case, Lowymps and Lowp ps represent the lower boundary of the sub-interval
assigned to the MPS and LPS, respectively; while Rangeypsand Rangepps are
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Fig. 1.12 Coding interval
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the sub-intervals of MPS and LPS. Starting with the probability pyps of the LPS,
Rangey ps, Rangenps, Lowp ps, and Lowypg are calculated according to (1.37).

Range; pg = Range x ppps
Rangeyps = Range — Range pg
Lowrps = Low + Rangeypg
Lowyps = Low

(1.37)

As coding interval is represented by finite number of bits, to overcome preci-
sion loss introduced by the shrinking of current interval and achieve incremental
encoding and decoding procedure, an incremental output technique of arithmetic
encoding is proposed in [Witten87], in which the interval is upscaled by left-shift
of Range and Low when Range of interval is less then Y, of the max range. This
interval upscale procedure is named renormalization, during which, higher bits of
Low need to be output as coding results. One bit of Low is output only when it is
confirmed that the interval is within the upper half or lower half of the max interval
range. Otherwise, the length of outstanding bits of Low is accumulated before the
value of bits is confirmed. This coded bit output mechanism of binary arithmetic
coding is adopted by CABAC of H.264/AVC.

1.6 Introduction to Video Coding Standards

Video coding technology has significantly changed the daily life of human beings
in the last two decades. A variety of software/hardware applications of video cod-
ing technology have emerged recently. Because uncompressed video signals require
huge amount of data storage and network bandwidth, video coding technologies
are necessary to compress original video signals to reduce redundancy in spec-
tral, spatial, temporal, and statistical domain. Several video coding standards have
been established since 1980s to specify video coding techniques utilized for differ-
ent applications, including H.261[ITU-T Rec. H.261], MPEG-1 [ISO/IEC 11172],
MPEG-2 [ISO/IEC 13818-2], H.263 [ITU-T Rec. H.263], MPEG-4 Part 2 [ISO/IEC
14496-2], and H.264/AVC [ISO/IEC 14496-10].

H.261 [ITU-T Rec. H.261] is the first commercially viable video coding stan-
dard released in 1990. H.261 is established for low delay, slow motion applications
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including video conference and video phone. It is transmitted over ISDN using small
video frame size of CIF (352x288) or QCIF (176 x 144). This standard establishes
the basic framework of block-based hybrid video codec (encoder and decoder) on
which the subsequent standards are based on. In this block-based codec framework,
each picture of video sequence is partitioned into macroblock (MB) of 16x 16 pix-
els. The MBs are processed sequentially in intra or inter mode using several key
techniques, include block-wise motion estimation and compensation for temporal
redundancy reduction, discrete cosine transform (DCT) and quantization for spatial
redundancy reduction, zig-zag scan of block coefficients and variable length coding
(VLC) of different types of syntax elements (SEs) for codeword redundancy reduc-
tion, and low-pass in-loop filtering that helps to suppress the propagation of coding
noise temporally.

In comparison to H.261, MPEG-1 [ISO/IEC 11172] introduces new technologies
such as half-pixel motion estimation and bi-direction motion estimation (coding of
B-pictures except I-picture and P-pictrure) to further reduce temporal redundancy.
The MPEG-1 video sequence consists of GOPs (group of pictures), with I-pictures
and P-pictures periodically inserted to enable random access of video sequence
(decoding can start from any GOP). For I-picture coding, perceptual-based quan-
tization matrix is used to more efficiently compress high frequency information of
transformed coefficients, which is similar to that of JPEG [JPEG]. In H.261 and
MPEG-1, high resolution and interlaced video coding is not supported.

Compared to earlier standards, MPEG-2 [ISO/IEC 13818-2] (also known as
H.262) supports higher video quality and resolution at broadcast quality. It also
supports both progressive and interlaced video formats targeting digital video
broadcasting and DVD applications. More sophisticated motion estimation method,
different DCT mode, and scanning method are developed in MPEG-2 to support
interlaced sequence. It also provides various scalability modes including spatial,
temporal, and SNR scalability. Profile and level are defined in the standard to allow
applications to support only subsets of the features such as compression algorithm
and chroma format. Profile defines the subset of coding tools that are used, while
level defines the parameter range of a given profile.

H.263 [ITU-T Rec. H.263], which targets video conference over PSTN (Public
Switched Telephone Network) and internet video, achieves a significant improve-
ment of video compression, especially at low bit rate comparing to H.261. The
updated versions of H.263 (H.263+ and H.263++) provide mode optional features
that can further improve the efficiency of motion estimation and entropy coding.
Compared to H.261, better motion estimation is achieved in H.263 because of half-
pixel precision motion estimation, larger search range, and more efficient coding of
motion vector (MV) by median prediction using neighboring SEs. For entropy cod-
ing of DCT coefficients, the 3D-VLC of (run, level, last) of H.263 is more efficient
compared to 2D-VLC of (run, level) of H.261. Some of the optional techniques in
the Annex of H.263 including variable block size motion estimation and arithmetic
coding are adopted and further developed in the later standard H.264/AVC.

MPEG-4 Part 2 [ISO/IEC 14496-2] is the video coding standard developed by
MPEG of ISO/IEC with improved quality compared to MPEG-2. To address var-
ious applications from low resolution low bit rate streaming video to high quality
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DVD and HDTV broadcasting, 21 profiles are defined in MPEG-4 Part 2, and the
most popular one deployed in the commercial codecs is Advanced Simple Profile
(ASP). Quarter-pixel motion estimation is the new technique introduced in ASP that
enhances the estimation accuracy, and it is later included in H.264/AVC. Some tech-
niques of ASP are also criticized, such as the global motion compensation, which
is not beneficial to compression and introduces negative impact of speed and imple-
mentation complexity. One important feature of MPEG-4 part 2: object-based video
coding does not intend to improve video compression efficiency. Object can be
represented by the shape, motion, and texture of the object separately. Because seg-
mentation and tracking of object from video scene is a difficult task and requires
high computation, object-based video coding is not efficient or practical in the
real-time coding applications.

The latest video coding standard H.264/AVC (MPEG-4 Part 10) [ISO/IEC
14496-10] is developed targeting a wide range of applications and high compres-
sion capability. H.264/AVC was jointly developed by ITU-T and ISO/IEC, and
gained rapid adoptions in a wide variety of applications, because of over 50% bit-
rate reduction achieved compared to the previous standards. Several profiles are
defined in H.264/AVC, including Baseline, Main, Extended, High profiles, etc., with
a set of technologies specified for each profile targeting a particular range of appli-
cations. H.264/AVC standard covers two layers: Video Coding Layer (VCL) that
efficiently represents video contents, and Network Abstraction Layer (NAL) that
formats the representation of VCL in the manner suitable for transport layer or stor-
age media. Block-based hybrid video coding approach is utilized in VCL layer. A
coded sequence of H.264/AVC consists of a sequence of pictures, and each picture
is represented by either a frame or a field. Each picture is further partitioned into one
or more slices, and each slice consists of a sequence of MBs. Slice is the smallest
self-contained [Wiegand03] decoding unit in H.264/AVC bit stream. According to
prediction modes, slices are commonly classified to 3 types, including [ slice (intra
prediction), P slice (single-direction inter prediction), and B slice (bi-direction inter
prediction).

The block diagrams of MB encoding and decoding of VCL layer are shown
in Fig. 1.13. As shown in Fig. 1.13a, MBs in each slice are sequentially pro-
cessed at the encoder. Intra prediction or inter prediction including ME and motion
compensation (MC) can be applied to each MB to reduce spatial or temporal redun-
dancy. Integer transform and quantization are applied to reduce spatial redundancy
by removing high-frequency information of prediction residual. Quantized residual
data, intra/inter prediction data, and coding control signals are further compressed
by the lossless entropy (statistical) coding to reduce redundancy of code words.
An in-loop de-blocking filter is allocated in the MB encoding feedback loop to
reduce artifacts at block edges and improve both subjective and objective visual
qualities. The MB decoding procedure of H.264/AVC is illustrated in Fig. 1.13b,
including entropy (statistical) decoding, inverse quantization and inverse transform,
MC of intra prediction, and de-blocking filter. Computation complexity of decod-
ing is significantly lower compared to encoding, because high complexity intra/inter
prediction is not involved in decoding.
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Fig. 1.13 Block diagram of MB processing in H.264/AVC. (a) MB encoding, (b) MB decoding

The significant improvement of compression efficiency of H.264/AVC is
attributed to several techniques, including adaptive Intral6x16/Intra4x4 intra
prediction, multi-reference ME and MC, and variable block-size and Y;-pixel pre-
cision of ME that reduce intra/inter prediction error, adaptive block-size (4x4
or 8x8) integer transform that efficiently concentrates energy of residual blocks
with lower computation complexity compared to DCT, in-loop de-blocking filter
that enhances both subjective and objective video quality, more efficient entropy
coding tools including CAVLC [Bjgntegaard02] and CABAC [MarpeO3a] com-
pared to all previous standards, Rate-Distortion Optimization (RDO) [Sullivan98],
etc. Moreover, adaptive frame/field coding at picture level (PAFF) and MB level
(MBAFF) [Wiegand03, Yu06] is beneficial in some scenarios, compared to frame
coding or field coding.

Intra prediction: The pixels of current processing block can be predicted pixels of
neighboring coded blocks, and only prediction error and prediction mode are coded.
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The size of prediction block can be 16x16 or 4x4, and each intra-coded MB can
be Intral6x 16 or Intra4 x4 based on prediction block size.

Inter prediction: Variable block-size ME of H.264/AVC supports more flexible
selection of block size for motion compensation. As shown in Fig. 1.14, 4 types of
MB partition modes P16x 16, P16x8, P8 x 16, and P8 x8 of ME are supported with
corresponding partition sizes of 16x 16, 8x 16, 16x8, and 8 x8 pixels. In addition,
for mode P88, each sub-MB (8 x8 partition) can be further partitioned into small
partitions of 8x8, 8x4, 4x8, and 4x4 pixels. It enables better match of various
motion patterns and more precise segmentations of motion regions, and contributes
to the bit-rate reduction.

Rate-Distortion Optimization (RDO): RDO is applied to select best coding mode
to achieve a minimum distortion D within a constrained bit-rate R. Lagrange multi-
plier methodology is applied to find minimum of RD cost (RD¢es) from all MB
coding modes, as shown in (1.38). Multiplier A is proportional to Quantization
Parameter (QP). During MB encoding, RDO is applied to select MB or sub-MB
partitioning mode of inter MB, Intra prediction mode of intra MB, best MV of ME,
MB coding mode, etc. Coding rate R of RDqg is precisely evaluated by entropy
coding through CABAC or CAVLC.

RD.ost =D+ A -R
cost oP—12 (1.38)
A mode = 0.85-273

Entropy coding: Two entropy (statistical) coding tools are utilized in H.264/AVC
at the final stage of VCL including CAVLC (context-based adaptive variable length
coding) [Bjgntegaard02] and CABAC (context-based adaptive binary arithmetic
coding) [Marpe03a]. In the Baseline and Extended profiles targeting low bit-rate
conversational network video service and stream services, CAVLC is utilized to
encode the syntax elements (SE) of 4 x4 block quantized transform coefficients, and
Exp-Golomb coding is applied to encode other MB-level and high level SEs. For the
Main and High profiles targeting high bit-rate and high definition service such as TV
broadcasting or DVD, CABAC is used. CABAC achieves even higher compression
ratio than CAVLC, with over 10% in bit-rate reduction. More details of arithmetic
coding theory and CABAC will be introduced and analyzed in Chap. 2



Chapter 2
Review of CAVLC, Arithmetic Coding,
and CABAC

2.1 Introduction of CAVLC

In the Baseline and Extended profiles of H.264/AVC, except the fixed-length cod-
ing, two VLC techniques are supported including: CAVLC for quantized transform
residues and Exp-Golomb coding for other syntax elements [Wiegand03]. In the pre-
vious standards, entropy coding of residues is based on the forward zig-zag scanned
run-length coding and fixed variable-length coding. The H.264/AVC standard
adopts backward the zig-zag scanned run-length coding with adaptive VLC.

After intra/inter prediction and 4x4 transform and quantization of prediction
residuals, CAVLC [Bjgntegaard02] is used to encode the quantized transformed
coefficients, and Universal Variable Length Coding (UVLC) is used to encode other
types of SEs.

The motivations of using CAVLC for SEs of transform coefficients are as fol-
lows: (1) Context adaptive coding can provide better coding efficiency over the
whole quality range of the standard than UVLC technique; and (2) Separation of the
coding of Run and Level, due to possession of weak correlation, after zig-zag scan
can achieve better adaptivity, coding efficiency, and lower the demand on memory
than that of Run-Level pair coding of UVLC.

After transformed and zig-zag scanned, the non-zero coefficients are often
sequences of 1. The CAVLC coder indicates the number of high frequency +1
coefficients by using trailing 1s (7'/s). For non-zero coefficients, coding efficiency
can be improved by using different VLC tables.

An example of CAVLC encoding of one 4 x4 block is illustrated in Fig. 2.1. After
zig-zag scan, the reordered coefficients are coded as sequence of SEs, including
coeff_token, sign_T1Is, 2 values for level, total_zeros, and 4 values for run_before.

These 5 types of SEs will be discussed as follows.

1. coeff_token is used to code both the total number of non-zero coefficients
(total_coeff) and the number of trailing ones (7/s). Note that the maximum
T1s allowed is 3. Any extra 1-valued coefficient is treated as normal non-zero
coefficient. In this case coeff_token = 0000100

2. sign of Tls is used to code the sign bit of each T1 in reverse zig-zag scanned
order. sign_of T1 =011

X. Tian et al., Entropy Coders of the H.264/AVC Standard, Signals and 29
Communication Technology, DOI 10.1007/978-3-642-14703-6_2,
© Springer-Verlag Berlin Heidelberg 2011
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Coded SE SE Value Code
0 3 |- 0 Total P
Coeff_token T°t?|‘_ o0 -_g 0000100
0 1 1 0 railing 1s:
Sign_T1s +—— 011
1 0 0 0 Level +1 1
Level +3 001,0
0 0 0 0 Total_zeros 3 111
. Run_before 1 10
Coefficients after Run_before 0 1
Zig-zag scan : Run_before 0 1
Run_before 1 01
0,3,0,1,-1,-1,0,1,0... Run_before 1

Code not required v

Fig. 2.1 CAVLC encoding of one transform coefficient block [Richardson03]

3.

level (in sign and magnitude) is used to code the value of each of the remaining
non-zero coefficients in reverse order, with the highest frequency non-zero coef-
ficient being encoded first. level(1) = 1 (prefix); and level(2) = 001 (prefix), and
0 (suffix)

total_zeros is used to code the total number of zeros preceding the last non-zero
coefficient. fotal_zeros is 3 and coded by “111”

. run_before is used to code the number of successive zeros preceding each non-

zero coefficient in reverse zig-zag scanned order. run_before is coded with 10, 1,
1, 01.

The resulting encoded bit-stream is 0000100_011_1_001_0_111_10_1_1_01.
As shown in Fig. 2.2, both CAVLC decoding and encoding must be executed in

6 steps to completely process the 5 types of SEs of each coefficient block.

From the implementation viewpoint, the coeff_token is often obtained by looking

up in a 2-D LUT. The selection of LUT of luminance block is based on the number
of non-zero coefficients of the previously coded blocks positioning on top and on the
left of the block at issue. The sign_T1s are output with 1-bit/sign. The Level values
of the remaining coefficients are coded using selected 1-D LUTs. Each Level-LUT

Decoding Steps Encoding Steps
) i
[ Coeff_token | | M Block scan to |
v generate SEs
H k2
[@ S'Q"I—T1S | [@ Coeff_token |
2
() Level p—— [®) Sign_T1s |
L Prefx | .
p-—==3-ZZZo 4 eve
1 Suffix : ! ---P-reﬁ;--i
.... q====d
v r::::i:::::
[@ Total_zeros | i__ Suffix |

1—
[5) Run_before | 5
| (5) Total_zeros | |

v

Fig. 2.2 Flowchart for (6) Coeff Block Reconstruction >
CAVLC codec: (a) Decoder | I | [© Run_before |
(@ b oo

and (b) Encoder
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consists of Exp-Golomb codewords [Golomb66] for levels with small values (asso-
ciated with high probability), and escapes codewords for levels with large values
(low probability). The Run values of the block are coded in two steps in LUT: First,
the coding of total_zeros before the last non-zero coefficient, and second, the coding
of run_before each non-zero coefficient in the reverse scanned direction.

The coding efficiency of the scheme is high, as the probability is high that one
or more low frequency coefficients have no Runs, especially in high bit rate coding.
Because the maximum of foral_zeros is related to non-zero coefficient number, the
1D-LUTs of total_zeros are allocated separately for different coefficient number.
For run_before coding, the number of zeros left to be coded is utilized to select
LUT of zeros_left. Context adaptivity is introduced to CAVLC coding of all SEs,
except sign_T1s.

2.2 Pre-CABAC Arithmetic Coders

Compared to the previously reported lossless variable length coders (VLC)
[Moffat02] including Elias, Golomb and Rice, Shannon-Fano, and Huffman
[Huffman52], the distinct difference of arithmetic coding is that codewords can be
represented using fractional number of bits, while in other VLCs, each codeword
must occupy integer number of bits. Shannon first mentioned the possibility of such
coding technique in 1948 [Shannon48§]. Elias explores the idea of successive sub-
division of coding interval [Abramson63] in 1960s. Complete scheme of arithmetic
coding was proposed by Rissanen [Rissanen76] and Pasco [Pasco76] independently
in 1976, in which finite-precision arithmetic coding was implemented. Further
research works include hardware-oriented arithmetic coders [Langdon84] of IBM,
and software-oriented arithmetic coders by Witten et al.[Witten87], which made it
practical in the image and video compression applications.

Multiplication of Rangej ps (1.38) of subdivision of arithmetic requires high
computation and limits the arithmetic coding throughput. Before CABAC, three
types of multiplication-free binary arithmetic coders have already been proposed
for image compression, which significantly reduce computation complexity of arith-
metic coding. The pre-CABAC arithmetic coders include Q-coder [Pennebaker8§],
and its variants QM coder [Mitchell93] and MQ coder [Taubman00, Taubman02].
QM coder is adopted as the entropy coder in Joint Bi-level Image Experts Group
(JBIG) standard [JBIG] and Joint Image Experts Group (JPEG) standard [JPEG],
while MQ coder is adopted in JPEG2000 standard [JPEG2000]. The Q-coder, QM
coder, and MQ coder are reviewed as follows.

2.2.1 Q-Coder

Q-coder is an adaptive binary arithmetic coder suitable for both HW and SW imple-
mentations. It has simple adapting mechanism which operates on the estimated
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probability of coding bin during the coding process. Q-coder avoids the increasing-
precision problem using fixed-precision [Rissanen76]. Renormalization is applied
after interval subdivision to maintain the size and precision of coding interval.
Carry propagation during renormalization is solved by “bit stuffing”. When 8 suc-
cessive bits of “1”s are output, a “0” is stuffed as a carry gap. Multiplication is
avoided by using approximated value 1 of Range, because Range is in [0.75, 1.5).
Probability estimation is only taken when renormalization is needed for the encod-
ing bin. Computation reduction of interval subdivision and renormalization helps
accelerate encoding. However, the precision of arithmetic coding is sacrificed and
compression efficiency is degraded. The probability estimation is based on state
transition of Finite-state machine (FSM), which can be implemented as simple table
lookup operation.

2.2.2 OM Coder

QM coder enhances the coding efficiency of Q-coder by incorporation of conditional
exchange, and state machine for probability estimation using Bayesian estimation
principle for rapid initial learning. The differences between QM coder and Q-coder
include [Slattery98]: (a) MQ coder has higher precision with 3 more bits allocated
for the coding interval and other intermediate parameters; (b) Q-coder is hardware-
based, and QM coder is software-based; (c) Carry propagation is solved at decoder
of Q-coder, while it is solved at encoder of QM coder. Bit stuffing is used in Q-
coder to prevent carry propagating in the encoder, which is faster than byte-stuffing
of QM coder. However, the carry still needs to be solved in the decoder of Q-coder.
In comparison, QM coder resolves the carry propagation at encoder by byte stuffing
technique, and processing of carry is not needed at decoder.

In the QM coder, adaptive probability estimation is implemented by estimation
of next Rangey ps when renormalization is taken for the coding bin. The estimation
is performed by a table lookup operation, and the values of MPS and LPS can be
exchanged when the probability of LPS reaches 0.5. For binary arithmetic coding
of QM coder, bit assignment of Low and Range is shown in Fig. 2.3. Low regis-
ter consists of one carry bit, 8 bits of output byte, 3 bits of spacer, and 16 bits of
active region. Range register also has 16 bits of active region. During renormaliza-
tion process, a counter counts the number of valid bits in the output byte section of
Low register. When the output byte is full, the byte can be output or recorded as an
outstanding byte based on carry bit and whether the output byte is OxFF. Carry bit of

& o ®
= T >
S g5 <% £8
g &5 &9 55
D r A N —A 7 A N
Fig. 2.3 Bit assignment of Low register: ¢ bbbb bbbb $ss  XXXX XXXX XXXX XXXX
low and range in QM coder of | Range register: 0  aaaa aaaa aaaa aaaa
JPEG
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Low can only influence the last byte of bytes in the output buffer. Three spacer bits
are allocated in Low between output byte and active region to reduce probability of
carry overflow to the output buffer.

2.2.3 MQ Coder

In JPEG2000 [JPEG2000, Taubman02], MQ coder is utilized as the entropy coder
of the Embedded Block Coding with Optimized Truncation (EBCOT) to encode bit
planes of code block of quantized image subbands after Discrete Wavelet Transform
(DWT) and quantization. MQ coder is closely related to QM coder of JPEG. One
distinct difference between the two coders is that the carry is fully resolved in
QM coder of JPEG indicating a carry in the Low register will propagate to the
nearest bit O in the output bits. In comparison, carry propagation in MQ coder is
restricted by the mechanism that one bit of 0 is stuffed when the output byte is
OxFF. Any carry from the following renormalization operations cannot influence
previous output bytes. Compared to the renormalization and output bit packing
mechanism of Q-coder and QM coder, bit stuffing of MQ coder is more efficient
in bandwidth and processing time as only one redundant bit stuffing is needed when
byte OxFF is output, and the counter for outstanding bytes is not necessary. ASIC
design [Pastuszak05] is reported to accelerate the coding throughput of MQ coder
and EBCOT.

2.3 CABAC of H.264/AVC

Although Q-coder, MQ coder, and QM coder are also binary arithmetic coders with
statistics adaptivity features, the Context-based Adaptive Binary Arithmetic Coder
(CABAC) — proposed by Marpe et al. in 2001 [MarpeOla, MarpeO1lb, MarpeOlc] —
is adopted as the entropy coding tool for the Main profile and higher profiles of
the H.264/AVC standard. Before CABAC, LUT-based VLC are generally utilized
for the entropy coding stage in the hybrid block-based video coding standards
including H.263, MPEG-2, MPEG-4 Part 2. The weakness of VLCs is that cod-
ing event with probability larger than 0.5 cannot be efficiently represented, and
the coding procedure is not adaptive to the actual symbol statistics as the values
of LUTs are fixed [MarpeO3a]. The only arithmetic coder adopted in video stan-
dard is of Annex E of H.263 [ITU-T Rec. H.263], in which coding efficiency of
entropy coding is not significantly improved, because it directly uses SEs of VLC
for arithmetic coding without redefinition. Before CABAC proposals by [MarpeOla,
MarpeOlb, MarpeOlc] of H.264/AVC, similar arithmetic-coder-based implemen-
tations were first investigated and applied to the non-block-based video coding
[Marpe99, Heising01], such as DWT.

CABAC [ISO/IEC 14496-10, Marpe03a] is the first successful arithmetic cod-
ing scheme deployed in the video coding standard, with significant compression
improvement compared to the previous entropy coding tools. As shown in Fig. 2.4,
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CABAC encoding process consists of three elementary steps: binarization, context
modeling, and binary arithmetic coding (BAC). The input SEs are binarized into bin
strings, in which regular bins and bypass bins are encoded separately by the encod-
ing engines of BAC. For regular bin coding, the context model (probability model)
of the bin is prepared by the step of context modeling. Details of the three steps are
discussed in the following sections.

2.3.1 Binarization

Binarization maps the non-binary valued SE into bin string, which is a sequence of
binary decision (bin). Three types of bins are generated in the binarization step: reg-
ular bin, bypass bin, and terminate bin for the bins with unequal (variable), equal,
or dominant probabilities of value 1 and 0, respectively. Advantages of binarization
[Marpe0O3a] include: (a) the probability of non-binary SE can be represented by the
probabilities of individual coding bins, while compression efficiency is not influ-
enced; (b) low-complexity BAC can be utilized; (c) context modeling at sub-symbol
(sub-SE) level provides more accurate probability estimation than context modeling
at the symbol level, and the alphabet of the encoder is reduced.
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Five binarization schemes are used in CABAC: Unary (U), Truncated Unary
(TU), kth order Exp-Golomb (EGk), concatenation of the first and third scheme
(UEGKk), and fixed length binarization (FL). Kth ordered Exp-Golomb binarization
(EGKk) [Teuhola78] — a derivative of Golomb coding [Golomb66] — is proved to be
an optimal prefix-free coding for geometrically distributed sources. EGk codeword
consists of prefix and suffix bin strings, with total length of 2/+k+1 bits. EGk prefix
is a Unary codeword, with [ bits of 1 and one terminating bit 0. The length / of string
of bit 1 is represented as:

= (mgz (% n 1)} 2.1)

The length of suffix binary string is equal to [ + k, and the value of the suffix
string is:

EGkgyprx = x + 25 — 2Kt (2.2)

UEGKk is combined binarization scheme of TU and EGk. It is utilized for
binarization of SEs of absolute value of residual coefficient level and MVD. TU
generates prefix of the bin string, and EGk is adopted to generate the suffix with k
set to 0 and 3 for coefficient level and MVD, respectively. TU is simple and it per-
mits fast adaptation of probability of coding symbol. However, it is only beneficial
for small SE values. For large SE values, suffix bin string generated by EGk pro-
vides a good fit to the probability distribution, and bypass bin coding is also utilized
to reduce computation complexity.

2.3.2 Context Modeling

The context modeling step — shown in Fig. 2.4 — implements two sub-functions:
context model selection and context model access. The statistics of the coded SEs
are utilized to update the probability models (context model) [Wiegand03] of reg-
ular bins. For regular bin coding, one context model is chosen, and fetched from a
pre-defined set of context models to provide the probability of regular bin to be MPS
or LPS, and the context model is updated after bin coding based on bin value. The
context index (Ctxldx) is calculated to select context model, which is the sum of con-
text offset (CtxOffset) and context index increment (CtxldxInc). CtxOlffset locates the
context model set of processed SE, while CtxldxInc selects one context model from
the set based on the values of coded bins or coded SEs of neighboring coded blocks.

The idea of multiplication-free arithmetic coding of H.264/AVC is based on the
assumption that estimated probability of each context model can be represented by a
sufficiently limited set of representative values. In CABAC, the number of the repre-
sentative values is set to 64 to enable accurate estimation, which is larger than the 30
of Q-coder. Each context model contains a 1-bit tag of MPS value, and a 6-bit prob-
ability state index (pStateldx) that addresses one of 64 representative probability
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values of LPS from pg to pe3 in the range of [0.01875, 0.5]. The probability values
of LPS are derived from (2.3). The ratio of two neighboring probability values is a
constant value o, which is approximately equal to 0.949.

Po =0 Po-1
0.01875 2.3)

0.5

1/63
for:o=1,...,63, a:( ) ,and po=0.5

Probability update of context model is based on the rule in (2.4), in which pgg
and pyew are the probabilities for the bin to be LPS before and after bin coding. If
the coding bin is MPS, the probability of LPS decreases by simply multiplying the
ratio o, while for the LPS bin, the update probability of MPS is calculated first, and
then the probability of LPS is obtained.

max(« - Poid, ,if bin= MPS
e = { (@ - pold, p62) if 2.4)

1— o (1 = pow), if bin=LPS

By mapping the update probability value of LPS of (2.4) to the closest value in
the aforementioned set of representative values, multiplication of probability esti-
mation of CABAC is replaced by simple table lookup for the pStateldx of next
probability state according to pStateldx of the current bin, and based on whether it is
MPS or LPS. This probability value estimation of context state is actually the func-
tion state transition of FSM with 64 predefined states. This type of probability FSM
is first utilized in Q-coder, and adopted in QM coder and MQ coder. Compared to
Q-coder, QM coder, and MQ coder, the representative LPS probability values need
not to be stored in CABAC. Instead, the approximation of the products of coding
interval Range and the LPS probability of (1.37) are stored. In order to be more
adaptive to the coding context, the values of MPS and LPS can be exchanged when
the probabilities of MPS and LPS are equal and the coding bin is LPS.

For particular regular bins of CABAC, multiple context models are allocated for
single bin to more precisely represent probabilities of bin in different coding con-
texts. Four types of context model selection techniques are supported in CABAC,
based on (a) neighboring coded SE values of the current SE, (b) values of prior
coded bins of SE bin string, (c) position of the to-be-encoded residual coefficient
in the scanning path of residual block coefficients, and (d) level values of encoded
coefficients of residual block.

2.3.3 Binary Arithmetic Coding (BAC)

BAC performs arithmetic coding of each bin based on bin value, type, and the corre-
sponding context model of the bin. BAC is a recursive procedure of coding interval
subdivision and selection, as shown in Fig. 2.5.
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CABAC Bin Encoding Flow
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Fig. 2.5 Coding interval subdivision and selection procedure of CABAC

Coding interval subdivision mechanism of CABAC is different from that of
QM and MQ coders. In QM and MQ coders, calculation of Ranger ps of (1.38) is
simplified by using the approximated value 1 for Range, and multiplication is elim-
inated. In comparison, Range is also utilized for Range; ps calculation of CABAC.
Figure 2.6 shows the reference pseudo C-program of interval subdivision and selec-
tion of regular bin, in which the 2 higher-order bits of Range (bit 7 and bit 6) and
the index of probability state (pStateldx) of LPS are used to look up for the pre-
calculated product of Range and py ps of (1.37) in a 2-D LUT. Although the product
of LUT is of limited precision, the precision of Range; ps calculation, interval subdi-
vision is improved, and computational complexity is reduced in CABAC, compared
to those of QM and MQ coders.

RangeIdx = (Range >> 6) & 3; //Range[7:6]
Range;ps = rangeTablelLPS[pStateldx] [Rangeldx];
Rangeyps = Range — Rangeips;

if (bin == MPS) //bin is MPS

Range = Rangeypg;
else { //bin is LPS

Range = Rangejpg;

Low = Low + Rangeyps;

Fig. 2.6 Coding interval subdivision and selection of regular bin of CABAC

Because Range and Low of coding interval are represented by finite number of
bits (9 bits for Range and 10 bits for Low), it is necessary to renormalize (scale
up) the interval to prevent precision degradation, and the upper bits of Low are
output as coded bits during renormalization. Coding interval renormalization and
bit output of CABAC is based on Witten’s algorithm [Witten87], as illustrated in the
reference pseudo C-program of Fig. 2.7. The coding interval of (Low, Low + Range)
is renormalized when Range is smaller than the threshold value 256 (0x100), which
is ¥, of the maximum range of coding interval.

As illustrated in Fig. 2.7, renormalization of Range and Low is an iterative pro-
cedure, and the maximum number of iterations is 6, as the smallest possible value
of Range is 6. For the processing of carry propagation and output of coding bits,
the coded bits of CABAC are not output until it is confirmed that further carry
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while (Range < 0x100) {
if (Low >= 0x100) {
if (Low >= 0x200) {
//Output bit 0 and following outstanding bits of 1
PutBit (1) ;
Low = Low - 0x200;
}
else { // Low is between 0x100 and 0x200
Low = Low — 0x100;
NumOutstandingBits ++; //Accumulate outstanding bits
}
}

else {
//Output bit 0 and following outstanding bits of 1
PutBit (0);

}

//scale up Range and Low values by left shift
Range = Range << 1;
Low = Low << 1;

Fig. 2.7 Pseudo C-program of renormalization and bit output of CABAC

propagation will not influence bit values. Figure 2.7 illustrates that only when inter-
val length (Range) is smaller than the threshold 0x100, one bit can be output if the
interval is located within the top half [0x200, 0x400) or bottom half [0, 0x200) of
the maximum coding range, or an outstanding (OS) bit is accumulated when the
interval is within [0x100, 0x300). When a bit of value X is output in BAC, the accu-
mulated OS bits are output with the value 1-X. Compared to the bit stuffing or byte
stuffing schemes of Q-coder, QM coder, and MQ coder, carry propagation is com-
pletely solved during renormalization of BAC, and no additional processing of bit
stream is needed at CABAC decoder. Moreover, as no bits or bytes are stuffed in
the bit stream, the compression efficiency of CABAC is further improved. However,
the renormalization illustrated in Fig. 2.8 is a highly sequential operation, and as the
number of iterations is variable depending on the selected subinterval Range, it is
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Bit 1
3/4 (0x300)- Accumulate
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Bit
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|:|/ Output
1/4 (0x100)- - |:|/> Bit0
Fig. 2.8 Decision of bit

output and accumulation of Bit output when
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challenging for SW or HW acceleration of renormalization and bit output of BAC.
In some situations, long delay may be experienced, when a large number of OS bits
are accumulated.

2.3.4 Comparisons of CABAC with Other Entropy Coders

The coding efficiency of CABAC is higher than those of the Q-coder, QM coder, and
MQ coder, because of (a) the more precise multiplication of Rangey ps, (b) larger
number of probability states for each probability model, and more precise proba-
bility estimation of coding bins; and (c) more context models (probability models)
deployed for various coding contexts of different types of SEs.

Because of the high computational complexity of CABAC, another entropy
coding tool CAVLC [Bjgntegaard02] is deployed in the Baseline profile and
Extended profile of H.264/AVC targeting low bit-rate real-time video coding. It
offers compression-complexity tradeoff with lower complexity, and lower coding
efficiency, compared to CABAC [Marpe03a]. It is employed to encode the quantized
transform coefficients of 4 x4 residual blocks, while zero-order Exp-Golomb codes
[Teuhola78] (EGO) are used for all other types of non-residual SEs. Adaptivity is
introduced to CAVLC by allowing switching among multiple VLC tables based on
the already processed SEs, and the coding efficiency of CAVLC is better than those
of the previous VLC coders which used single VLC table. Instead of coding data pair
of run-level as a single SE, run and level of the residual block are encoded separately
in CAVLC, so that the inter-symbol redundancy can be more efficiently exploited.
However, compression efficiency of CABAC is significantly higher, with typically
bit rate reduction of 9-14% in the video quality range of 30-38 dB [Marpe03a],
compared to CAVLC and EGO. This is because (a) in CABAC, encoding symbols
can be more precisely represented in non-integer number of bits, especially for the
symbol with probability higher than 0.5, and (b) CABAC encoder is more adaptive
to the non-stationary symbol statistics with efficient context modeling (probability
estimation) for the coding bins of all types of SEs.

Since the adoption of CABAC entropy coding in H.264/AVC [Marpe97, Marpe,
Heising01, Marpe03a, Mrak03], CABAC is also applied in many applications of
image and video processing including motion mode and residual data of 3D dynamic
mesh [Muller0O5], prediction residual in lossless 4D medical image compression
[Sanchez08], SEs of 8 x 8 transform coefficients of AVS coding standard [Zhang07],
motion vector coding of scalable video coder [Wu07], parameters of depth and cor-
rection vectors in multi-view video coding [Sehoon07]. CABAC is also utilized
to encode affine motion vector [KordasiewiczO7], and MVD of 3-D DWT-based
subband video encoder [Golwelkar0O7].



Chapter 3
Review of Existing Statistical Codec Designs

3.1 Acceleration Approaches for H.264/AVC Codec

The computational complexity of H.264/AVC is known to significantly higher than
to those of the previous standards, and quite a number of researches have been
carried out to accelerate the H.264/AVC encoding or decoding using algorithm
improvement, SW optimization, and HW acceleration both at the system level and
at particular functional blocks.

Algorithm improvement is carried out in the aspects of enhancing accuracy of
the context model selection in MVD coding [Sun07], investigating parallel CABAC
coding using table lookup technique with parallelized probability models [Lin06b],
analyzing error detection probability (EDP) of CABAC coded SEs [Levine07], error
resilience enhancement of coded bit stream by inserting detective markers based on
CABAC semantics [Li06c¢], or error detection based on joint source-channel MAP
estimation [Wang035, Jamaa06].

For SW optimization, DSP-based H.264/AVC encoder designs are reported in
[Lahti05, Kant06, Lin06a, Wei07], while Cell processor-based [Baik07] and ARM
processor-based [Huang(08] implementations are reported to achieve low-resolution
SW decoding. Fast algorithms are developed to accelerate particular function
blocks such as intra prediction [Pan04], coding mode decision and RDO [Kim04,
Ba06, Nieto06, Yu06], ME and MC [Li07b], and rate control [Ma05, Schwarz07].
However, SW optimization is limited by the low level of parallelism, and is not
suitable for high bit-rate high definition real-time coding.

Hardware acceleration of H.264/AVC codec is reported in large number of liter-
atures targeting encoder/decoder system or particular function blocks. For encoder
design, MB encoding is accelerated by 4-stage pipeline [Huang05, Chen0O6a] or
3-stage pipeline [Liu0O7b] to enable parallel processing of different MB coding
steps such as integer ME, fractional ME, transform and quantization. To remove
data dependency and enable pipelined coding, the algorithm is adjusted, includ-
ing simplified MV prediction in [Huang05, Chen0O6a]. Different encoding stages
are controlled by the embedded processor [InataO8] or through control signals
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input from the system bus interface [Liu07b]. As the computation complexity of
the decoder is significantly lower, FPGA is utilized to achieve real-time decoding
excluding entropy decoding in [Agostini06]. Schemes of memory access reduction
and memory size reduction of decoder are reported with strategies of optimized
scheduling of decoding order [Chen(06b], data reuse by allocation of shared mem-
ory and local buffers [Huang05, Chen06a, Liu07b, Lee08], and multi-bank SRAM
access [Chang07b]. Power reduction and chip testing schemes of codec are con-
sidered in [LinO8b]. HW designs that focus on accelerating of particular functional
block have also been reported. To reduce the ME computational complexity, The
MB partition modes and the number of search candidates are reduced in [Liu07b],
full-search early termination of ME is applied in [Lee0S8], and control of search
range and reference frame number in [MurachiO8] according to input variations.
However, video quality is also degraded [Babionitakis06] with such simplification.
Hardware SIMD architecture of ME is designed in [Sayed06] to take advantage of
the level of parallelism possessed in the algorithm. For MC at the decoder, inter-
polation window reuse scheme [Tsai05b] is utilized to reduce memory bandwidth.
For intra prediction, acceleration strategies are proposed including prediction mode
decision with reference to the mode of coded blocks [Chang07a] and scheduling of
parallel processing of Intral6x 16 and Intra4 x4 prediction [Tsai05a].

Recognizing the highly computational complexity of motion estimation, because
of the serial nature and high data dependency of the coding procedure in both
CAVLC and CABAC, the throughput of a H.264/AVC video codec is also lim-
ited by the entropy coding stage. As it is not efficient to remove the bottleneck
by algorithm simplification and software optimization alone, a number of hard-
ware designs for CAVLC and CABAC have been proposed in order to (i) enhance
the throughput; (ii) reduce the area; (iii) reduce the power consumption in various
applications.

In the following sections, the CAVLC decoder and encoder designs will be
reviewed first followed by the review of CABAC decoder and encoder designs.
Analyses on implementation strategies will be performed based on performances
such as throughput (in SE/cycle in the case of CAVLC, and bin/cycle in the case
of CABAC), coding speed (in SE/second for CAVLC, and bin/second for CABAC).
The costs of the designs will be analyzed in terms of circuit area (in both logic gates
and memory bits), as well as power consumption (in mW, if data available).

3.2 CAVLC Decoder and Encoder Designs

CAVLC has its name from two major concepts: variable-length coding and
time-varying input statistics adaptivity. The variable-length coding involves run-
length coding followed by a mapping of symbols into codewords of variable
lengths. Generic implementations of high performance designs include paral-
lelism/pipelining of different coding steps, table lookup acceleration, and processing
of multiple symbols in a single cycle.
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3.2.1 CAVLC Decoder Designs

According to the H.264/AVC standard, associated with CAVLC, there are 5 SEs:
coeff_token, sign_T1I, level, total_zeros, and run_before. Sign_TI and levels are
decoded using simple arithmetic operations since these two SEs are coded by regular
VLC codes. For the other SEs, coeff_token, total_zeros, and run_before are coded
by the content-dependent VLC codes, and thus decoding is performed by LUTs.
CAVLC decoder can be realized in 6 steps:

S1. Parse the coeff_token from the input bit-stream by a LUT, and obtain the
number of non-zero coefficients and trailing ones (T1s).

S2. Parse the sign_T1s to get the signs of trailing 1s, and reconstruct the values of
trailing 1s in the residual block.

S3. Parse the prefix and suffix of level to calculate level values, collect, and buffer
all level values.

S4. Parse the total_zeros.

S5. Recursively parse run_before values of the block, and

S6. Reconstruct all coefficients of the block according to run-level data pairs in the
reverse zig-zag scanned order.

In the following sections, the reported CAVLD designs will be reviews in their
differentiating features and performances.

3.2.1.1 [Chang05]

Chang et al. [Chang05] proposed a CAVLD which includes: a PCCF (Partial
Combinational Component Freezing) feature, a HLLT (Hierarchical Logic for
Look-up Tables), a ZTEBA (Zero-left table elimination by arithmetic), a IDS
(Interleaved Double Stacks), and a ZCS (Zero Codeword Skip). Figure 3.1 shows
the CAVLD architecture.

This design can be seen as one of the most direct implementations of the
CAVLD algorithm. As shown in Fig. 3.1, the functional blocks are implemented
one-by-one with a global feature to enable/disable individual block (PCCF — Partial
Combinational Component Freezing) to supposedly save power. Large LUT with
unused memory space is divided into smaller LUTS, and through a controller, search
is logically performed in a hierarchical manner (HLLT — Hierarchical Logic for
Look-up Tables) from the LUT with the most probable codewords to the LUT
with the least probable codewords. An IDS (Interleaved Double Stacks buffer) helps
buffer the data traffic back and forth between the CAVLD and the Inverse Quantizer.

It was claimed in [Chang05] that the decoding steps S1 and S2 are performed in
one cycle. However, because these two steps are part of a multiple-step process, the
average decoding cycles of each block is not necessarily reduced.

This design takes up 9.9 Kgates and 1.1 Kbits of memory using 0.18 pm CMOS,
and can operate at 175 MHz for decoding HD1080i video, and yields a throughput
of 1 SE/cycle. No figure on power consumption reported.
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3.2.1.2 [Alle06]

In [Alle06], decoding is performed in 5 different stages corresponding to the 5
types of SEs: coeff_token, sign _TI, level, total_zeros, and run_before, as shown
in Fig. 3.2. It is claimed that “decoding more than one SE in a clock cycle would
decrease the clock operating frequency”. Thus, the aim is to process one SE in one
cycle. The original LUTs can be divided into sub-tables based on the number of
leading zeros (LZ) in the codewords. As shown in Fig. 3.3, sub-table selection is
implemented by a fast LZ detection (LZD) circuit.

Parsing of sign_T1 can be implemented in a single cycle, as it is fixed-length SE
parsing, and the number of T1s is already obtained in S1. In S5, because the code-
word of run_before LUT is short (3 bits or less), 2 values of run_before are decoded
in a cycle in [Alle06] with minimum addition to circuit area. When the run_before

Decode number of non-zero
coeff and trailing ones

coeff_token

Stage5

sign_T1s

Decode run of zeros Decode sign of each one

run_before

Stage4 Stage3

Decode level of non-zero coeff

Decode number of zeros

Fig. 3.2 Five decoding stages of the CAVLD architecture [Alle06]
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Fig. 3.3 Fast leading zero detection circuit [Alle06]

is 0, the codeword contains only bit 1s. A controller is programmed to avoid unnec-
essary access to a certain stage when no processing is required. Combinational logic
was used, instead of LUTs. Also, like [Chang05], a 2-stage buffer at the interface is
required.

This design takes up 17.2 Kgates and 5.1 Kbits of memory using 0.13 pm tech-
nology. It can operate at 250 MHz for decoding HD1080i video, and yields an
average throughput of slightly larger than 1 SE/cycle due to discriminating pro-
cessing. However, at the core of the CAVLD (without controller and interface), the
throughput is still 1 SE/cycle.

3.2.1.3 [Lin08a]

In [LinO8a], a HW-oriented algorithm optimization and three HW optimizations
have been reported. It is noted that Level decoding requires arithmetic operation
and can be time-consuming. By analyzing the two-part Level decoding process and
identifying the critical path, the authors moved the Suffix_Length_Detector from
the second part to the first part. Therefore, the suffixLength required for the decod-
ing of the next Level symbol can be obtained from the current symbol information
and recent level_prefix value. The architecture of the CAVLD [Lin0O8a] is shown
in Fig. 3.4. From the HW viewpoint, three optimizations were made: combined
LUTs for coeff_token, total_zeros, and run_before; decoding of Sign_T1; and output
buffer.

In S1, coeff_token parsing of [Lin08a], long codewords of original LUTSs can be
partitioned to prefix and suffix LUTs. If the parsing codeword is not in the prefix
LUT, it is further looked up in the suffix LUT. Because of relatively low probabil-
ities of long codewords and smaller prefix LUT, the average table lookup time is
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Fig. 3.4 The CAVLD architecture [LinO8a]

reduced. It was claimed that in order to disable various LUTs (5 for coeff_token, 15
for total_zeros, and 7 for run_before), latches have been used, and thus extra circuit
area is required and unnecessary dynamic power is consumed. Since the decoding
of the 3 types of SEs will not happen at the same time, it was proposed to combine
LUTs for coeff_token, total_zeros, and run_before. The number of LUTSs has been
reduced to 16 and thus, the number of latches used can be reduced.

In S2, since each value “1” or “0” represents the sign “+” or “-”, respectively,
multiple and up to 3 sign symbols can be decoded in one cycle. Finally, the output
buffer is designed to handle data while taking less area compare to the Interleaved
Double Stacks (IDS) [Chang05].

Step S3 is to parse the prefix and suffix of /evel to calculate level values, collect
and buffer all level values. In conventional decoding, after the parsing of level prefix
and suffix, suffix length of current level is updated at the end of level decoding.
Compared to dual-level decoding approach that significantly increases the criti-
cal path length, suffix length decoding of [Lin08a] is pre-calculated during prefix
decoding, as shown in Fig. 3.5. Thus, level parsing is divided into 2 pipeline stages
for the decoding of prefix and suffix.

In S4, total_zeros parsing of [Lin08a] focus on reducing area and power of LUT
instead of enhancing throughput and coding speed, which will be discussed in later
section.

S6 is to reconstruct all coefficients of the block according to run-level data pairs
in reverse zig-zag scan order. Reconstruction of coefficient block of S6 is com-
bined with S5 in [Lin0O8a]. This is because when run_before is known, the position
of coefficient can be decided. This strategy saves processing cycles of coefficient
reconstruction. Single output buffer is allocated in [Lin0O8a] to store the non-zero
coefficient level values in S3. The coefficients in the buffer are moved to the cor-
rect position of coefficient block in S5. The strategies discussed in [Lin08a] can be
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Fig. 3.5 Modified level decoding process [LinO8a]

adopted to design the interface between CAVLC decoding and the following steps
of IQ and inverse integer transform.

We define, hereafter, the processing speed (#SE/second) as a product of through-
put (#SE/cycle) and operating frequency (cycles/second). The processing speed
of [Lin08a] is tripled compared to the conventional implementation, due to data
dependency elimination of suffix length and pipelined decoding of level.

This design takes up 6.8 Kgates and 0 bit of memory using 0.18 wm technology.
It can operate at 213 MHz for decoding HD1080i video, and yields an average
throughput of slightly greater than 1 SE/cycle. The power consumption values are
from 2 to 2.5 mW for Akyo sequence, and 4 to 5 mW for Mobile sequence.
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3.2.1.4 Summary on Implementation Strategies of CAVLC Decoders

1. Parse the coeff_token: The original LUTs can be divided into sub-tables based
on the number of leading zeros (LZ) in the codewords [Chang05, Alle06]. Sub-
table selection is implemented by fast LZ detection (LZD) circuit with benefit of
shorter parsing time. On the other hand, long codewords of the original LUTs can
be partitioned to prefix and suffix LUTs [LinO8a]. If the parsing codeword is not
in the prefix LUT, it is further looked up in the suffix LUT. Because of relatively
low probabilities of long codewords and smaller prefix LUT, the average table
lookup time is reduced.

2. Parse the sign_T1s: Parsing of sign_TlIs is traditionally implemented in multiple
cycles [Chang05, Alle06]. However, since the number of T1s has already been
obtained in Stepl, and each sign takes up one bit, decoding can be performed in
a single cycle [Lin08a].

3. Parse the prefix and suffix of level: In conventional implementation, after the
parsing of level prefix and suffix, the suffix length of current level is updated at
the end of level decoding. Compared to dual-part level decoding approach that
significantly increases critical path length, suffix length decoding of [Lin0O8a]
is re-arranged, and pre-calculated during prefix decoding. Here, level parsing is
divided into 2 pipeline stages for decoding of prefix and suffix.

4. Parse the fotal_zeros: This step focuses on reducing area and power of LUT
instead of enhancing throughput and coding speed, which will be discussed in
later section.

5. Recursively parse run_before values of the block: Because the codeword of
run_before LUT 1is short (3 bits or less), 2 values of run_before are decoded
in a cycle in [Alle06] with minimum addition to circuit area. When run_before
is 0, the codeword contains only bit 1s.

6. Reconstruct all coefficients of the block: Reconstruction of the coefficient block
in S6 is performed together with S5 in [Chao06, Lin08a]. This is because when
run_before is known, the position of coefficient can be decided. The IQ oper-
ation is combined with the reconstruction of coefficient block in the 2-stage
pipeline architecture in [Chao06] to save processing time. This strategy saves
processing cycles of coefficient reconstruction. Single output buffer is allocated
in [LinO8a] to store non-zero coefficient level values in S3. The coefficients
in the buffer are moved to the correct position of coefficient block in S5. The
strategies discussed in [Chao06, Lin08a] can be adopted to design the inter-
face between CAVLC decoding and following steps of IQ and inverse integer
transform.

3.2.2 CAVLC Encoder Design

The CAVLC encoder can be implemented in 6 steps. Only implementation strategies
of the steps that improve encoding throughput and speed are discussed in this sec-
tion, and several typical CAVLC encoder designs are reviewed respectively. Similar
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to decoder design, maximum of 3 bits of sign_T'1s need to be coded for each block,
and it can be implemented in a single cycle [Rahman(07], while strategies of other
steps of encoder and decoder have some differences. The CAVLC encoder can be
implemented in 6 steps as described below.

S1. Zig-zag scan the 4x4 (or 2x2 in case of chrominance) quantized transform
blocks in reverse zig-zag scanned order, from the highest-indexed AC to the
DC coefficient, to generate: the total number of non-zero coefficients (7C) and
trailing ones (77); sign of trailing ones (sign_T1); the levels (level) of the non-
zero coefficients; total number of zeros (fotal_zeros) excluding the zeros after
the last non-zero coefficient in the forward zig-zag scanned order; and runs.
The 5 SEs are coeff_token, sign_T1, level, total_zeros, and run_before.

S2. Encode coeff_token.

S3. Encode sign_TlIs.

S4. Encode level values of the remaining non-zero coefficients by table lookup from
one of 7 LUTs.

S5. Encode total_zeros

S6. Recursively encode each run_before of non-zero coefficient of the block in
reverse zig-zag scan order.

At the CAVLC, the inter-symbol correlations are used to remove additional sta-
tistical redundancy by allowing logically switching among LUTs of VLC depending
on the previously transmitted symbols.

Entropy coding, however, involves many bit-level operations that cannot be effi-
ciently performed by general purpose processors. Therefore, there is a need for a
HW-based CAVLC accelerator.

3.2.2.1 [Kim06a]

The architecture of CAVLC design [Kim06], shown in Fig. 3.6, starts with the
scanning block where the reversed zig-zag scanned coefficients received from the
preceding Transform/Quantization block are extracted for fotalCoeff, T1, sign_T1,
level, total_zeros, and run_before syntax elements. The coeff_token, total_zeros, and
run_before blocks collectively generate the codewords from the LUTs.

In S1, the estimated coefficient number (nC) is calculated to select LUT of
coeff_token. The calculation of nC requires the use of the coefficient number of
neighboring coded block, and the coefficient number of current coded block are to
be saved subsequently. In [KimO6a], nC is generated in HW. The area of nC gen-
eration is large equivalent to 49% of the encoder design of [KimO6a]. Although
additional local memory is required to store the numbers of non-zero coefficient of
coded blocks, these designs benefit from the more complete functional implemen-
tations, lower memory access frequency of host processor, and lower data transfer
on the system bus.
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Fig. 3.6 Block diagram of CAVLC [Kim06a]

This design takes up 33.5 Kgates on the FPGA platform. It can operate at
100 MHz for encoding HD1080i video, and yields an average throughput of 16
pixels per 16 clock cycles or 1 pixel/cycle.

3.2.2.2 [Chen06c]

Identifying the burden of scanning of residues prior to coding into syntax elements,
and the need to have a second pass to encapsulate data from the video coding layer
(VCL) to the network abstraction layer (NAT), Chen et al. [ChenO6¢] proposed an
CAVLC design (Fig. 3.7) having a dual-block-pipelined buffer architecture, and a
coded block pattern (CBP) look-ahead scheme.

The MB information and quantized transform residues are input to the proposed
CAVLC design. There are 3 levels in the entropy coding engine: symbol, codeword,
and bit-stream. At the symbol level, the MB information is processed in the Exp-
Golomb coding unit, while the quantized transform residues are processed in the
CAVLC unit through 2 phases: scanning of residues into symbols, and coding of
symbols into syntax elements. Due to the sequential nature of scanning followed by
coding, the throughput is affected while the hardware resource is the same.

S1 of [Chen06c] is to zig-zag scan the 4 x4 or 2x2 quantized transform blocks
to generate SE values of coeff_token, sign_T1s, level, total_zeros, and run_before.
Because the coefficient block scan is time-consuming, dual SE buffers are allo-
cated in [ChenO6c¢] (Fig. 3.8a) to implement a two-stage block-scan followed by
SE-encoding pipeline. As shown in Fig. 3.8b, while the block-scan stage scans the
coefficient blocks and generates the SE values into one buffer, the SE-encoding
stage accesses the other buffer to fetch and encode SE values. In low bit-rate coding,
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the ratio of non-zero coefficients is low. Thus, block-scan stage can be longer than
SE-encoding stage, and pipeline efficiency can be degraded.

S4 is to encode level values of the remaining non-zero coefficients by table
lookup from one of the 7 LUTSs. Instead of storing LUTs in memory, combina-
tional circuit is utilized to implement table lookup to accelerate level encoding in
[Chen06c¢]. Because all level values are available in the encoder, data dependency
of suffix length encoding is not critical. A dual-buffer architecture is proposed to
alternatively coding and outputting the current MB in one buffer, while inputting
and scanning a new MB in the other buffer. The CBP look-ahead scheme allows the
by-passing of the all-zero 8 x 8 block to avoid scanning and coding.
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This design takes up 23.6 Kgates and 2 Kbits of memory using 0.18 pm tech-
nology. It can operate at 100 MHz for decoding HDTV 720p video, and yields an
average processing time of 200-500 cycles/MB.

3.2.2.3 [Tsai06]

In this design, Tsai et al. [Tsai06] approached the design from a low-power view-
point. It was observed that memory consumption was partially due to frequent
memory accesses. The Side Information Aided (SIA) Symbol Look Ahead (SLA)
feature allows the CAVLC to be performed in one pass, coding only, instead of
scanning and coding.

Fig. 3.9 Side information
aided symbol look ahead
structure of [Tsai06]

As shown in Fig. 3.9, the scan stage is removed from CAVLC encoder by provid-
ing side information of two maps of size 4 x4 that indicating positions of non-zero
coefficients and coefficients with absolute value 1 (abs-one). The example illustrated
the SIA feature in [Tsai06] is reproduced here for demonstration. Figure 3.10 shows
an example of a typical 4 x4 residual block.

Fig. 3.10 Example of a 4x4 5«2 4«0 lon;erje1 Zc;gzz%gosé:gn4 00325
residual block in the CAVLC Va / Va 2. TotalCosfi(TC) =7 /
procedure -3 0 0 1

TrailingOnes (T1)=2

3/0/0/_T1 2.sign_T1s=1,0

3.level=2,4,-3,2,5

/ / / 4. total_zeros=7

0«2 0«0 5. run_before=0, 1, 4, 2

To minimize access to the residual SRAM and to provide additional information
for one-pass symbol look ahead and coding, two binary maps: one for the non-zero
flags, the other for the absolute-value-of-one flags are generated. Figure 3.11 shows
the resulting maps of flags.

The generation of the SEs is performed mainly on these two binary maps as
follows:

e TC = sum of all non-zero flags
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Fig. 3.11 Example of the proposed SIA flags definition [Tsai06]

e T1 = sum of all the abs_one flags located before the first one of the result of
XOR(non_zero flags, abs_one flags)

e sign_TI = the residual SRAM with address generated by the non_zero flag’s
position.

e Jevel = is the same as Sign_T1

e fotal_zeros = sum of all the complement of the non-zero flags, located after the
first non_zero flag.

e run_before = difference between the previous non_zero flag’s position and the
current non-zero flag’s position.

The operations are simple and fast. The power consumption comparison made
between this design and [Chen05] shows that up to 35 and 79% reduction in power
associated with logic and SRAM, respectively, have been obtained.

This design takes up 26.5 Kgates and 0 Kbits of memory using 0.18 pm technol-
ogy. It can operate at 27 MHz for decoding CIF video. The power consumption was
3.7 mW.

3.2.2.4 [Chien06]

In S4 associated with level encoding, two processing units of level are allocated in
[Chien06], and the suffix length generated in the 1st unit is sent to the 2nd unit for
the coding of 2nd /evel.

S6 recursively encodes each run_before of non-zero coefficient of the block in
reverse zig-zag scan order, a dual-SE coding of run_before is supported in [Chien06]
by arithmetic coding instead of LUT. The block coding cycles are significantly
reduced with such multi-SE encoding strategy.

3.2.2.5 [Rahman(7]

Rahman et al. [Rahman(07] proposed a CAVLC block for handling mobile video
application in real-time. This design attempted to reduce circuit area by using split
VLC LUT, and Arithmetic Table Elimination (ATE) technique (Fig. 3.12).

The ATE block is used to generate the level codes instead of using LUTs. A
counter and an accumulator compute the run_before and ZerosLeft for LUT match-
ing (for run_before codes). The run_before is the output of the counter which is
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Fig. 3.12 Architecture of the ATE for level code generation [Rahman07]

subtracted from the current value of the accumulator to find the ZerosLeft for the
next nonzero coefficient. The accumulator is initialized before with the value of
total_zeros of the current input block.

The design was implemented on the Virtex II FPGA platform using 6.8 Kgates

running at 50 MHz for decoding CIF/QCIF at 30 fps.

3.2.2.6 Summary of Implementation Strategies of CAVLC Encoder Designs

The functions of a CAVLC encoder can be implemented in 6 steps. Only imple-
mentation strategies of the steps that improve encoding throughput and speed are
discussed in this section.

1.

Zig-zag scan the 4 x4 (or 2x2) quantized transform blocks to generate SE values
of coeff_token, sign_Tls, level, total_zeros, and run_before. Because the coeffi-
cient block scan is time-consuming, dual SE buffers are allocated in [Chen(06c]
to implement a two-stage block-scan followed by SE-encoding pipeline. While
the block-scan stage scans the coefficient blocks and generates the SE values into
one buffer, the SE-encoding stage accesses the other buffer to fetch and encode
SE values. In low bit-rate coding, the ratio of non-zero coefficients is low. Thus,
block-scan stage can be longer than SE-encoding stage, and pipeline efficiency
can be degraded.

Another technique using side information aided (SIA) symbol look ahead (SLA)
is proposed in [Tsai06] to remove the scan stage from CAVLC encoder by pro-
viding two additional 4 x 4-b maps: one indicates the positions of non-zero
coefficients, and the other indicates the coefficients with absolute value 1 (abs-
one). As S1 is removed from [Tsai06], average throughput of 1.7 SE/cycle is
achieved.
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3. The estimated coefficient number (rnC) is calculated to select LUT of coeff_token.
The calculation of nC needs to utilize the coefficient number of neighboring
coded block, and coefficient number of current coded block needs to be saved. In
[ChenO6¢c, Kim06a], nC is generated in HW. The area of nC generation occupies
16.3 Kgates, equivalent to 49% of the encoder design of [KimO6a]. Although
additional local memory is required to store the numbers of non-zero coefficient
of coded blocks, these designs benefit from more complete functional imple-
mentations, lower memory access frequency of host processor, and lower data
transfer on the system bus.

4. Encode sign_T1s. As maximum of 3 bits of sign_T1s need to be coded for each
block, it is implemented in single cycle in [RahmanQ7].

5. Encode level values of the remaining non-zero coefficients by table lookup from
one of 7 LUTs. Instead of storing LUTSs in memory, combinational circuit is uti-
lized to implement table lookup to accelerate level encoding in [Chen0O6¢, Hu08],
etc. Because all level values are available in the encoder, data dependency of suf-
fix length encoding is not critical. Two processing units of level are allocated in
[Chien06], and the suffix length generated in the 1st unit is sent to the 2nd unit
for the coding of 2nd level.

6. Encode rotal_zeros: no particular technique implementated.

7. Recursively encode each run_before of non-zero coefficient of the block in
reverse zig-zag scan order. Dual-SE coding of run_before is supported in
[Chien06] by arithmetic coding instead of LUT. The block coding cycles are
significantly reduced with such multi-SE encoding strategy.

3.2.3 Comparisons of Synthesized CAVLC Codec Designs

Implementation strategies that reduce circuit area and reduce power consumption
of CAVLC codecs are investigated in this section, and the synthesized results of
different designs are compared.

In CAVLC decoder design, latches are allocated in [Lin0O8a] to control the table
lookup operation of both prefix and suffix LUTs during codeword parsing. Sub-
tables of rotal_zeros are combined with similar sub-tables of coeff token [Lin08a].
As S1 and S4 do not occur simultaneously, the number of LUTs can be reduced.
Clock gating is also applied to reduce power of unaccessed sub-tables. Forty percent
reduction of power consumption is achieved in [Lin0O8a], and it only consumes 2.5
mW at 100 MHz operating frequency using 0.18 pum CMOS process.

In encoder design, to achieve complete statistical (entropy) coding functions of
the Baseline profile of H.264/AVC, Exp-Golomb coding circuits are integrated with
the CAVLC encoder in [Kim0O6a]. Compared to the designs that only implement
CAVLC functions, no further bit stream packing circuit is needed in [Kim06a], and
the coded bit stream can be output directly to the NAL layer. In [Tsai06] with SLA
encoding, scan procedure is removed compared to [Chen0O6¢] and the area of the
symbol buffer of the dual-block pipeline architecture is saved in [Tsai06], while
the encoding throughput is unchanged. Power consumption of SRAM in [Tsai06]
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reduces to 21% of [Chen06c] because of less memory allocated and lower frequency
of SRAM read access of residual block. Limitation of SLA is that: larger circuit
area is required, compared to other designs. Additionally, the side information maps
still need to be calculated by the functional block of transform and quantization
step, and require additional circuits. A reasonable scheme is to utilize parallel com-
parators to generate the side information of SLA after transform and quantization.
For coeff_tokens encoding of S2, VLC tables are split and SEs are mapped to pre-
fix and suffix codewords before final concatenation in [Chen06c¢], and 5% area of
LUT is reduced. In [Rahman07], the arithmetic table elimination (ATE) reduces the
circuit area of level encoding by using simple arithmetic coding circuit instead of
fixed-length LUTSs, compared to the other designs.

Table 3.1 lists the synthesized CAVLC decoders and encoders with their cod-
ing performance or functions. Among the CAVLC decoders, significantly larger
circuit area is required in [Alle06] compared to other designs to achiever higher
operating frequency of 250 MHz. Design in [Lin0O8a] achieves fast decoding speed
with considerations of process technology (0.18 pwm), throughput (#SE/cycle) and
operating frequency, and its circuit area is also minimized compared to the other
reported designs. Compared to [Chang05], design in [LinO8a] enhances coding
speed and reduces circuit area. It is noted that a design with 2X throughput and
critical path length in the range of (Y, 2Y), is not significantly faster in coding speed
(#SE/second) compared to a design with 1X throughput and 1Y critical path length,
everything else being the same.

Among the reported CAVLC encoders, the most functionally complete CAVLC
encoder is implemented in [Chen0O6¢c]. Using SLA, memory access frequency and
the related power consumption of [Tsai06] is significantly lower than [Chen0O6c],
while its throughput of 1.7 SE/cycle is significantly higher than [Chen0O6bc] as
the coefficient scan and SE generation is removed from the encoder. FPGA
design in [Rahman07] is also reported using only 6.9 Kgates. The maximum cod-
ing speeds of the encoders are not comparable with the provided synthesized
circuits.

Table 3.1 Comparison of synthesized CAVLC decoder and encoder designs

Coding Circuit area logic |
Process Throughput ~ Max. clock speed mem Kgates

Design Tech (SE/cyc) (MHz) (M SE/s) (Kbits)

Decoder
[Chang05] 0.18 wm 1 177 177 9911.2
[Alle06] 0.13 pm >1 250 > 250 18.715.1
[Lin08a] 0.18 pm >1 213 >213 6.8 | no mem

Encoder
[Chen0O6c] 0.18 wm 1 100 100 236|114
[Tsai06] 0.18 pm 1.7 27 (not max) > 46 26.6 | not reported

[Rahman07] FPGA 0.33 50 16.5 6.9 | not reported
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3.3 CABAC Decoder and Encoder IP Designs

CABAC has its name from two major concepts: arithmetic coding and time-varying
statistics adaptability. The arithmetic coding involves the recursive assignment
of symbols into durations which correspond to the symbols’ probabilities of
occurrence.

From algorithmic viewpoint, in order to provide a complete IP of CABAC
decoder, the 3 decoding steps need to be implemented, including BAD, BM, and
CM. For CABAC encoder design, all 3 functional steps need to be implemented,
including BN, CM, and BAC. Partial implementation of these functional steps
will reduce the integratability of an IP block in the top-level H.264/AVC codec,
and degrade the coding performance of IP. General approaches of high perfor-
mance HW architectures include pipelined de/coding, data pre-fetch to reduce
access latency, cascaded multiple-symbol processing units with higher throughput,
etc. Detailed implementation strategies of CABAC decoder and encoder will be
discussed separately in the following two sections.

3.3.1 CABAC Decoder Designs

Block diagram of CABAC decoder of H.264/AVC is illustrated in Fig. 3.13,
including the following 3 functional steps: (1) binary arithmetic decoding (BAD),
(2) context model selection and access (CM), and (3) binarization matching (BM).
As shown in Fig. 3.13, coded bit-stream from H.264/AVC encoder is input to
BAD, in which regular bin (RB) and bypass bin (BB) are decoded in the regular
bin decoding engine and bypass bin decoding engine, respectively. For RB decod-
ing, one context model is selected for each bin in the CM based on the decoding
SE type, bin index (binldx) and decoded bin values provided by BM and SE val-
ues of decoded SEs of the neighboring decoded MBs. Each context model can be
accessed according to Ctxldx, which is the sum of context offset (CtxOffset) and
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Fig. 3.13 Block diagram of CABAC decoder
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context index increment (Crxldxinc). CtxOffset locates one context model within
the set of context models of one SE type. CtxldxInc depends on values of coded
bin or coded SE in the neighboring coded MB. The decoding Range and Offset are
updated based on context model, and the bin value is decoded in BAD. Based on
the decoded value of regular bin, the corresponding context model is updated to
adaptively adjust the probability estimation of RB. Decoded bins are parsed in BM,
where the decoded bin string is compared with the bin string patterns of the same SE
type to decide whether the decoding of current SE completes. Decoded SEs are sent
to the following decoding steps of H.264/AVC to reconstruct the video sequence.
Data dependency exists in a long loop to select a proper context model for next RB
(BAD -> BM -> CM -> BAD). Design challenge of CABAC decoder is to undo the
loop, and enhance decoding throughput.

3.3.1.1 Binary Arithmetic Decoding (BAD)

In BAD, input bins of RB, BB, and TB (terminate bin) are decoded separately, and
context model is provided by CM for RB decoding. During the decoding of some
types of SE, the current decoded bin is used to select the context model of next
decoding bin. Because of data dependency aforementioned, it is difficult to achieve
multi-bin decoding per cycle in such situation. However, when the context access
pattern is fixed, such as decoding of residual SEs including significant coefficient
flag (SCF), last SCF (LSCF), and coefficient level, cascaded decoding units for
multiple bins achieve a throughput of 2 bin/cycle (2 RB, 2 BB, or 1 RB and 1
BB) [Yu05, Chen07a, Li07a]. The cascaded bin double-bin decoding architecture of
[YuO5] is shown in Fig. 3.14.

To reduce the critical path of 2 RB decoding, two possible Ry ps_4 (4 possible
values of Range of LPS) values of RB2 are pre-calculated during RB1 decod-
ing in [YuO05], and the correct Ry ps_4 value is selected for RB2 when RBI is
decoded. Dual-RB decoding of [Kim06b] constantly predicts that RB1 is MPS, and
begins RB2 decoding, and the critical path of RB decoding is shorter than that of
[YuO5]. However, throughput of [Kim06b] is 0.56 bin/cycle, because if the predic-
tion is incorrect, the decoded RB2 is discarded. The limitation of dual-bin decoding
scheme is that although throughput of residual SE decoding can be increased to
2 bins/cycle in some situations, critical path length also increases by a ratio in
the range of (1Y, 2Y]. For the SEs that can only be decoded at a throughput of 1
bin/cycle — including non-residual SEs and coded block flag (CBF), decoding time
is prolonged. The overall performance improvement is not significant, especially
in low bit-rate coding, with consideration of significantly larger area to support
cascaded decoding engines and more complex control logic.

3.3.1.2 Context Model Selection and Access

The context model of the decoding RB is selected in this step and accessed from
context RAM according to the calculated Ctxldx. In order to reduce the context
RAM access delay, a group of context models can be pre-fetched into the local
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Fig. 3.14 Double-bin decoding architecture of [YuO5]

buffers [YuO5, YiO7]. Because the context model selection and access of coded
block pattern (CBF) requires multiple cycles [Chen05], Ctxldx of the next CBF is
pre-calculated during the decoding of current 4 x4 block [ChenO7a]. The decoding
bin percentage of the SEs of significant map including SCF and LSCEF is also signif-
icant. To accelerate significant map decoding in the dual-bin decoding architecture,
context models of LSCF are stored in a separate SRAM and possibly to simultane-
ously access context models of both SCF and LSCF SEs [Chen(07a]. As shown in
Fig. 3.15, a separate context RAM is used to LSCF context models.

The techniques of context model pre-fetch, Ctxldx pre-calculation, and parallel
access of multiple context models are beneficial to reduce context access delay.

Fig. 3.15 Map of context
models of context RAM
[Chen07a]
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3.3.1.3 Binarization Matching and SE Generation

BM is the inverse binarization of CABAC encoding. It can be controlled by a FSM to
generate the type of next decoding SE. The corresponding LUT of the SE is accessed
to match the decoded codeword. The parsed SE is output in this step. Because BM
is one decoding stage of CABAC decoding pipeline, several strategies are discussed
in Sect 3.3.1.4) to reduce pipeline stall and enhance decoding throughput, including
parallel processing of BAD and BM.

3.3.1.4 Solutions to Pipeline Hazards of CABAC Decoding

A FPGA-based acceleration of critical decoding loop of context model access (CA)
of CM and BAD is proposed in [Eeckhaut06]. The acceleration is achieved by map-
ping sequential operations of memory access and table lookup of CA and BAD
into pipeline stages with data pre-fetching and data forwarding. A throughput of 1
bin/cycle is claimed. However, the data dependency between the decoded RB and
the context model of the next decoding RB is not totally removed. Actual through-
put of the decoder is influenced by both the maximum processing speed of CA and
BAD and the architecture of BM and context model selection.

To enhance decoding throughput, BAD and BM are designed in the same pipeline
stage in [Yi07], which is also adopted in [Son08] and [ShiO8]. The benefit of com-
bining BAD and BM in the same stage is that the SE type and Ctxldx of the next
decoding bin can be decided by BM after the bin is decoded by the BAD. Therefore,
one cycle is saved in RB decoding. A small context buffer named CMR is also allo-
cated in [Yi07] that can buffer a maximum of 8 context models of one SE type. With
the assists of CMR, context model selection (CtxIdxInc calculation) and operation
of context models loading from SRAM (CL) based on CtxOffset can be designed as
two parallel units in the same pipeline stage. Another benefit of CMR as discussed
in [Yi07] is that SRAM write operation of updated context model (CU) can be sep-
arated from the pipeline stages and the conflict of CL and CU on the same SRAM
position is solved by data forwarding. The limitation of [Yi07] is that two cycles of
pipeline stall cannot be avoided for CU and CL operations when the type of decod-
ing SE changes. For large ratio of decoding SEs, number of bins per SE of is small.
Thus, pipeline stall occurs frequently, and it takes an average of 3.9 cycles to decode
one bin. In [Son08], the pipeline stall frequency is reduced by predicting the type
of next SE. Prediction is made according to the SE values of neighboring coded
blocks. With the SE prediction technique applied to the 2-stage decoding pipeline in
[Son08], over 60% decoding cycles are reduced compared to [Yi07]. The limitation
of SE type prediction is that if the prediction is incorrect, one cycle of stall will still
be introduced for the loading of correct context models.

To eliminate pipeline stall of CABAC decoding, 4-stage decoding pipeline is
reported in [ShiO8] that achieves a decoding throughput of 1 bin/cycle for RB
decoding as shown in Fig. 3.16.

Context model selection and CL are separated to stage 1 and stage 2 of the
pipeline. During the decoding of current SE, the first context model of next SE
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Fig. 3.16 Four-stage
CABAC decoding pipeline
of [Shi08]

is selected in stage 1 and loaded from context RAM in stage 2. In stage 2, two con-
text models are read separately from two the context RAMS in parallel in one cycle.
The context model of current SE is read from one RAM containing entire context
models, while the other context model of the next SE is read from a small RAM
that only stores the first context model of each SE. The decoded bin in stage 3 of
BAD and BM decides whether a new SE will be decoded in the next cycle. Based
on the decision, one of the two loaded context models is selected in stage 2 for the
next decoding RB of stage 3. Updated context model of decoded RB is written back
to context RAM in stage 4. Compared to the other designs, by pre-fetching context
model of next SE during current SE decoding, pipeline stall is avoided in [ShiO8]
when decoding SE changes. Speedup 6.6 times is reported in this 4-stage pipeline,
compared to conventional design. Throughput is enhanced at the cost of doubling of
context RAM access frequency, and complicated multi-branch CtxIdx calculation.
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3.3.2 CABAC Encoder Design

The block diagram of CABAC encoder of H.264/AVC is shown in Fig. 2.4. CABAC
encoder consists of 3 functional steps: (1) Binarization to map SE value to bin string;
(2) Context model selection and access to select the proper context model (proba-
bility model) for regular bin (RB) according to context index (Ctx/dx), and update
context model after RB coding; (3) Binary arithmetic coding (BAC) to encode each
bin by dividing coding interval of [Low, Low + Range) and selecting one of the two
subintervals Rangey ps and Rangeyps based on whether the bin is MPS or LPS, and
probability of MPS. For the bin with equal probability, bypass bin (BB) coding route
is used. The upper bins of Low are shifted out as coding result when the bin values
are fixed.

Compared to CABAC decoding, CABAC encoding has lower level of data depen-
dency. It is because binarization is an independent functional step with no feedback
loop from CM or BAC to binarization compared to the BM in CABAC decoding.
Inaddition, context model selection of CM does not depend on the result of con-
text access (CA) of CM and BAC. After binarization, Crtxldx calculation of each
RB of bin string of SE can be carried out, which is used to select context model.
Therefore, binarization and context model selection can be pre-calculated and sep-
arated from CABAC encoding pipeline. Because only CA and BAC are the two
necessary coding steps for each RB, it is easier to design encoder pipeline with
less frequent pipeline stalls compared to the previously discussed decoder designs.
CABAC encoder designs of H.264/AVC are reviewed as follows.

Reported by Li et al. [Li0O6a], a dynamic pipeline scheme is used to reduce
pipeline bubbles. However, because coding interval subdivision and renormaliza-
tion are separated in two pipeline stages, data dependency of the two stages causes
frequent pipeline stall and a throughput of 0.59 bin/cycle is obtained.

A CABAC encoding core of context access and BAC is proposed in [Kuo06] with
low power design consideration. A variable bit-length tag cache and a register file
of 72x7 bits are allocated in the design to reduce SRAM access frequency and the
associated power consumption. Technique such as clock gating is also adopted to
reduce power consumption of the tag cache. The throughput is less than 1 bin/cycle
because of additional cycles for RAM access of context models when cache miss
occurs.

An arithmetic encoder that supports both JPEG2000 and H.264/AVC is proposed
in [Flordal06]. To encode 2 RBs per cycle, the inverse multiple branch selection
(IMBS) is adopted, and concurrent Range update is achieved by pre-calculating all
of the possible output values of first Range before the correct value is selected. IMBS
results in large circuit area for the pre-calculation of all possible branches. Because
data forwarding mechanism in context model access is not built, the pipeline will
stall when two successive RBs access the same context model. Because coding of
bin with equal probability (BB) is not implemented, the design cannot fully support
BAC. Furthermore, only estimated value of average throughput of the encoder is
reported in [Flordal06].
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In [Kuo06, LiO6a], binarization and context model selection are left to be run
on the host processor. This requires additional processing power and memory
bandwidth at the host system.

Chen et al. [Chen07b] combines the Ctxldx calculation and binarization into one
module of a 3-stage pipeline. Similar to [Flordal06], pipeline stalls when the same
context model is successively accessed during RB encoding. As a result, the achiev-
able throughput is 0.56 bin/cycle. Context selection is not completely implemented
in the design, and binarization is overlapped in the encoder and host.

Compared with the previous CABAC encoder designs, Liu et al. [Liu07a] imple-
ments context model selection (CtxIdx generation) fully in HW with reference to
the stored SEs of neighboring coded MBs. Although a 3-stage pipelined module is
designed to accelerate the RAM access of coded SEs from neighboring blocks, the
encoding pipeline is still stalled for 4 cycles in each access. The resulting throughput
of the encoder is 0.67 bin/cycle.

A full hardware CABAC encoder is proposed by Lo et al. [Lo07] with an average
throughput of more than 1 bin/cycle. Throughput is enhanced because cascaded
arithmetic coding engines are allocated in BAC to support coding of 2 bins/cycle of
residual SEs including significant map and level values of coefficients. To support
coding of 2 bins/cycle of significant map, context models of SCF and LSCF are
allocated in a separate SRAM, which enables reading of 4 context models (2 pairs
of SCF and LSCF) per cycle. Although it is claimed that the coding speed can be
doubled, the speed up ratio is actually below 2. This is because the critical path
length of BAC is extended, encoding time of non-residual SEs and CBF is extended
because throughput of this part of SEs is still 1 bin/cycle and clock frequency is
lower. In addition, because only one context model of level can be accessed per
cycle, the throughput of level coding will be only 1 bin/cycle in some situations.
Circuit area is also increased to support higher coding throughput.

The multi-bin arithmetic encoding is investigated in [Chen06d]. To enable mul-
tiple context model access in each cycle, SRAM banks are utilized to provide
sufficient SRAM ports for parallel access of context models from different banks.
Data forwarding architecture is utilized to avoid read and write conflicts of SRAM
access and pipeline bubble when the same context model is accessed in successive
cycles. The limitation of this scheme is that a highly complicated context selection
block is needed to prepare multiple context models for the context access pipeline
in each cycle. In addition, cascaded units coding interval subdivision and selection
are needed and the critical path length is significantly longer compared to single
bin coding scheme. The throughput is degraded because of data dependency in the
binarization and context model selection.

In all CABAC encoder designs discussed above, Rate Distortion Optimization
(RDO) is not supported. It is analyzed in [Nunez06] that the high computational
requirement of CABAC is largely due to the support of RDO in the H.264/AVC
encoding system. CABAC encoder design support for RDO is considered in
[Nunez06], with supports of context state backup and restoration operations when
RDO mode changes.
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Fig. 3.17 Rate-distortion optimization assisted CABAC encoding with circuits of context state
backup and restoration [Nunez06]

As shown in Fig. 3.17, three large FIFO buffers are allocated in the design to back
up the intermediate states of context models during RDO mode decision procedure.
However, because the throughput of FIFO read/write is one context model per cycle,
timing delay is long for the operations of context state backup and restoration. In
addition, large FIFO buffers occupy large circuit area. Because one context model
is accessed from context RAM in the design, and there is no mechanism to reduce
RAM access by allocating local cache or context buffer, the access frequency and
power consumption of the context RAM are significant. In [Nunez06], the encod-
ing core only focuses on acceleration of context access and BAC. Binarization
and context model selection are not implemented. RDO is not fully supported in
[Nunez06] because context model selection related RDO operations are not imple-
mented including the state of coded SEs backup and restoration of current coding
MB during RDO mode decision procedure.

Osorio et al. proposes the first arithmetic coding architecture of H.264/AVC of
throughput of 1 bin/cycle, utilizing multi-stage pipeline to accelerate CABAC cod-
ing steps including context access, BAC, and bit packing [Osorio04]. The coding
throughput is further enhanced in their latest design [Osorio06], in which Range
and Low are updated in separate arithmetic coding pipeline stages with duplicated
computational resources to significantly increase throughput to around 2 bins/cycle.
Figure 3.18 shows the CABAC implemented by [Osorio06].

A small cache of 16 context models is utilized to buffer context models read
from RAM. The context access delay is reduced, because for RBs of residual SE,
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context models are pre-fetched to the cache before bin coding. In each cycle, a pair
of two RBs with the corresponding context models is processed by BAC. For the
non-residual SEs and CBF, binarization, bin pair preparation, and context model
selection are assumed to be performed by the host processor. It is noted that these
operations take up a large percentage of total CABAC encoding instructions. To
enable data pairing operation, additional computational cost is further assumed by
the host processor. To support RDO, two RAM blocks are allocated to store origi-
nal and updated context models during RDO coding. However, P§ x8 RDO coding
mode is not supported in [Osorio06], which is critical to the efficiency of inter frame
coding of H.264/AVC. In Chap. 7, limitations of [Osorio06] will be analyzed in
details.

3.3.3 Comparisons of Synthesized CABAC Codec Designs

Table 3.2 lists the synthesized CABAC decoders and encoders with impressive
coding performance or functions. Other designs [Lo07, Chen06d] are not reported
because of unavailable data at writing time or not good enough of a design.

For CABAC decoder design, synthesis results of 3 designs of 0.18 wm pro-
cess are listed. Although 1-3 bins can be decoded by BAD block in [YuO5], the
design only focuses on acceleration of BAD. With BM and CS are handled by the
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Table 3.2 Comparison of synthesized CABAC decoder and encoder designs

Coding
Process Throughput  Max. clock speed Circuit area (gates)
Design tech (bin/cycle) (MHz) (Mbin/s) of logic functions
Decoder
[Yu05] 0.18 pm 1~3 (only 149 Average 0.3 mm? (partial)
of BAD) N/A
[Shi08] 0.18 wm 1.27 200 254 29.0K
Encoder
[Li0O6a] 0.35 um 0.59 150 89 4.57 K (CA and
BAC)
[Osorio06] 0.35 wm 19~23 186 372 19.4 K gates
[Chen07b] 0.15 pm 0.56 333 186 13.3 K(no calc of
CtxldxInc)
[Liu07a] 0.13 pm 0.67 200 134 34.3 K gates
[Tian09]a 0.35 um 1 186 186 31.2 K (full HW
w/RDO)
[Tian09]b 0.13 wm 1 578 578 44.6 K (full HW
w/RDO)

host processor, the average throughput of CABAC decoder [YuOS5] will be signif-
icantly lower than the reported BAD throughput. Complete CABAC decoding is
implemented in [ShiO8]. Data dependency among the decoding steps is efficiently
reduced in the pipeline stages in [08], and high throughput of 1.27 bpc and 200 MHz
operating frequency are achieved.

For CABAC encoder design, throughput of 1 bpc and 578 MHz operating fre-
quency of [Tian09]b are faster than that of [Chen07b, Liu0O7a] of similar process
technology (over 1.5 times higher in throughput). This is because unit CA and
BAC of [Tian09] are properly partitioned into 3 pipeline stages with data pre-fetch
and pre-calculation techniques. The data forwarding path of context RAM access is
enabled in CA to avoid RAM read and write conflicts in [Chen07b] when the same
context model is successively accessed. Although the context model selection is also
fully implemented in [Liu0O7a], throughput of [Liu07a] is low because of frequent
pipeline stall when accessing the coded SEs of neighboring MBs.

For the same 0.35 pm process, the coding speed of [Tian09]a at 186 Mbin/s is
significantly higher than 89 Mbin/s of [Li06a], as the context model is pre-fetched,
and the risk of pipeline bubble is removed. In addition, binarization and context
model selection are left to be run on the host processor in [Li06a]. This implies
additional computation and memory bandwidth must be supported by the host sys-
tem. Higher coding throughput (1.9~2.3 bpc, and 1.5 times speed up of bin/s) is
achieved in [Osorio06], as two RBs can be processed sequentially in BAC in the
same cycle. The limitation of design reported in [Osorio06] is that it focuses on HW
acceleration of residual SEs. Binarization, context model selection, and data pairing
of non-residual SEs are generated by host processor. The computational complexity
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of [Osorio06] on the host processor is significantly higher than [Tian09]. Pipeline
stall can occur and throughput can be dropped when the host processor cannot gen-
erate data in the same pace as it is processed by the encoder. For the design that
supports encoding of two RBs/cycle of residual SEs including significant map and
level, because only one context model of level can be accessed in each cycle, the
throughput of level coding will only be 1 bpc in some situations, and the average
throughput of residual SEs is less than 2 bpc.

The circuit area of [Tian09] is larger compared to other reported designs, because
more complete CABAC functions are implemented including binarization, context
model selection, and RDO. Large circuit area is allocated for the RDO oper-
ations and CtxldxInc calculation which are not implemented in most reported
designs.

3.4 Summary of Implementation Strategies CABAC Encoder
and Decoder

Implementation strategies of CABAC encoder and decoder designs have been inves-
tigated. For CABAC decoder designs: To accelerate decoding procedure, strategies
of cascaded processing units, data pre-calculation, and reducing pipeline stage
number are useful. To reduce context model access delay, strategies of context
model prefetch and local buffering, separating context RAM tables for multi-context
models accessing, and CtxldxInc pre-calculation are efficient. In CABAC encoder
design, it is beneficial to allocate multiple pipeline stages to increase encoding
speed. Multi-bin encoding is a choice to enhance throughput. However, performance
improvement of it is not significant because of lower clock frequency, non-constant
throughput, and larger area of the control logic for multi-bin encoding.

Generally speaking, the most important strategies of entropy codec designs
include: (a) pipeline acceleration by data dependency removing (6.6 times speedup
[Shi08]), (b) table lookup optimization (40% power reduction [Lin08a], and 65—
88% memory access reduction [Moon05]), and (c) critical path reduction by data
pre-fetch and pre-calculation. Functional completeness and processing time reduc-
tion are the two high-priority targets of many designs, while reducing power
consumption is another consideration of some designs.

For CABAC encoder designs, the implementations discussed above, excluding
[Tian09], have several limitations in general, including:

1. HW encoder function is not complete, which costs high computation complexity
on the host processor and limits the performance of CABAC design;

2. Data dependency of coding steps is not effectively removed, so the encoder
cannot be implemented in a full pipeline structure, and the throughput is low;

3. RDO is not supported in these designs or at least not efficiently supported,
which costs high computation burden on the host processor, and requires large
bandwidth to support backup and restoration of CABAC coding states;



68 3 Review of Existing Statistical Codec Designs

4. Memory access frequency and related power consumption are high in most
designs because of single context model access from context RAM, and encoder
power reduction techniques are not reported in most designs;

5. Reusability and integratability of encoder IP are not considered.

In the following chapters, design of a typical entropy coder [Tian09] with com-
prehensive coding functions and stable high performance is proposed to solve
the limitations aforementioned and achieve research objectives listed in Chap. 1.
Implementation strategies of the proposed CABAC encoder will also be discussed,
and comprehensive performance comparison of proposed design and reference
designs will be given.



Part 11
Design of a Typical Entropy Coder



Chapter 4
Design of a CABAC Encoder

In this chapter, architecture of a typical hardware (HW) CABAC encoder is illus-
trated. The design methodology of a SoC (System-on-Chip) based entropy coder
is first presented. Based on the design methodology, hardware/software (HW/SW)
functional partitioning of CABAC encoder function is carried out to decide which
functions are to be designed in HW and which functions are to be processed on
host processor. Furthermore, the strategy of functional partitioning of HW encoder
is applied, and the top-level function blocks and encoding flow of the encoder are
introduced. In the subsequent sections, design details of major functional blocks are
presented including binarization and bin packet generation and binary arithmetic
coding (BAC). Finally, additional functions supported by the encoder including
context model initialization, RDO function support in BAC are discussed.

4.1 Design Methodology for the SoC-Based Entropy Coder

Design methodology for a SoC-based entropy coder such as CABAC is proposed
[Le06], in which the entropy coder is realized as an IP block and can be inte-
grated into a SoC video coding system. The IP block can be a logic synthesizable
RTL design or a hard IP block where physical implementation is performed, and
GDS-II file is ready. The design flow, as shown in Fig. 4.1, contains 9 steps includ-
ing: performance and complexity analyses, derivation of system specifications,
HW/SW functional partitioning, HW top-level functional partitioning, function
block design of HW IP, HW IP verification, applying constraints and circuits
synthesis, introducing SoC features, and HW/SW co-simulation.

S1. Performance and complexity analyses: It is critical to assess the complexity
of software to be mapped onto the supposedly application specific top-level
architecture. When the complexity is low, decision can be made to run the soft-
ware using the existing host processor. If the complexity is high, it is better to
identify the bottlenecks.

S2. System specifications are written in S2 to address not only user’s needs but also
plans to minimize the effects of bottlenecks.

X. Tian et al., Entropy Coders of the H.264/AVC Standard, Signals and 71
Communication Technology, DOI 10.1007/978-3-642-14703-6_4,
© Springer-Verlag Berlin Heidelberg 2011
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Fig. 4.1 Design flow for an
SoC-based entropy coder
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S3. System HW/SW partition is carried out: The portion of coding function — which
can be effectively realized into HW — is replaced by HW preferred modules,
while the remaining portion is left to be run in SW on the existing host proces-
sor. The decision by which HW/SW are partitioned is based on specifications
such as coding speed of the entropy coder, and constraints of communication
latency between host processor and the HW IP block, data transfer bandwidth
on system bus, and remaining computation on the host processor. All SW
preferred modules are referred to as one single SW non-IP block, while all
HW preferred modules are referred to as one single HW IP block.
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S4. The function of the HW IP block is further partitioned into proper func-
tional blocks during top-level HW architecture design, which is crucial to the
performance of HW IP.

S5. All functional blocks of HW IP are designed accordingly in step 5, followed by
top-level HW IP block verification in step 6.

S6. Verification is performed by comparing the compressed bit stream generated
by the reference SW (without any HW assisted circuitries), with that output by
the top-level HW architecture. It is important to be certain that design errors
are caught at this step.

S7. The RTL-level functional correct design is constrained with timing, area, and
power restrictions and synthesized into gate-level circuits in step 7. If any of
the constraints are violated, functional blocks are redesigned in step 5. If design
violations still exist after critical functional block redesign, the design flow will
go back to step 4 to adjust the top-level entropy coder architecture using a
refined functional partitioning scheme. Design constraints can also be adjusted
with tighter or looser constraints according to the synthesis results. The recur-
sive procedure stops when all design constraints are met and the design is
verified at gate-level.

S8. In step 8, SoC design features will be designed into the HW IP block. Such
features are system bus interfaces and the signals of system bus, input and
output buffers, debug structures, reset signal, etc. Function correctness and
design constraints also need to be checked after SoC related function blocks
integrated in step 8.

S9. Co-simulation of both HW IP block and SW non-IP block is done in step 9 to
verify whether the system specifications of step 2 are satisfied, such as mini-
mizing communication between SW non-IP block and HW IP block including
data transfer latency and system bus bandwidth occupation.

4.1.1 Performance and Complexity Analysis of CABAC Encoder

The design methodology of the SoC-based entropy coder is applied to CABAC
encoder design of H.264/AVC. Design step of performance and complexity anal-
yses is presented first, and the following steps will be discussed in the later sections
and chapters.

The coding performance of CABAC encoder IP design is compared to that
of CAVLC (including Exp-Golomb coding for non-Residual SEs) by testing on
H.264/AVC reference software JM 12.4 [WSIM] in the QP (quantization param-
eter) range of 28—40 using three video sequences in both CIF and HDTV 720p
formats. The 3 sequences, named Seql, Seq2, and Seq3 are: Foreman, Coastguard,
and News in CIF format, and City, Night, and Crew in HDTV 720p format. Table 4.1
illustrates H.264/AVC encoder bit rate reduction, using CABAC compared to that
with CAVLC.

The table shows that CABAC achieves an average bit rate reduction of 10.0% in
CIF test and 15.5% in 720p test over CAVLC. The benefit is more significant in high
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Table 4.1 H.264/AVC encoder bit rate reduction, using CABAC compared to with CAVLC

Sequence
Format Average
RDO mode Seql (%) Seq2 (%) Seq3 (%) (%)
off 9.0 13.8 6.7 9.8
CIF
on 10.1 13.7 6.8 10.2
off 12.4 11.1 22.4 15.3
HDTYV 720p
on 13.3 10.6 234 15.7

definition sequence and low bit rate (high QP) range. The performance difference is
similar in RDO-off (RDO not used) mode and RDO-on (RDO used) mode.

Instruction-level program analyzing tool PIN [WSPIN] is used for profiling ref-
erence JM encoder. Compared to CAVLC and Exp-Golomb, the computational
complexity of CABAC is higher by up to 55%, while its data transfer rate is higher
by up to 74%, when RDO is used [Ho06]. This is partly due to the additional
instructions required for binarization and context modeling (context model selection
and access from memory). High computation and bandwidth make it difficult for
CABAC reference SW to meet requirements of real-time encoding. It is, therefore,
necessary to accelerate CABAC encoding by ASIC design.

In order to assist decisions in the following design steps including HW/SW
functional partitioning and HW top-level functional partitioning, instruction-level
complexity analysis is carried out on the CABAC encoder using JM reference soft-
ware. All CABAC related functions are classified into 5 categories, from C1 to C5.
The details of CABAC functions of each category are shown in Table 4.2.

PIN tool is utilized to profile the number of instructions of each category of
CABAC encoding functions during H.264/AVC video coding. The percentage of
instruction numbers of each category of CIF sequence test is calculated and listed
in Fig. 4.2 and Table 4.3.

From Fig. 4.2 and Table 4.3, it can be seen that CA and BAC (C1) only occu-
pies 32.9-45.2% of total CABAC instructions, and the percentage number decreases

Table 4.2 Five categories of CABAC encoder for instruction-level analysis

Category number Description of operations

Cl Context access (CA) and Binary arithmetic coding (BAC)

Cc2 Non-residual SE coding, excluding computation of CA and BAC

C3 CBF coding, excluding computation of CA and BAC

C4 Coding of residual SEs including SCF, LSCEF, and level, excluding
computation of CA and BAC

C5 Operation of mapping quantized block coefficients to run-level
pairs by scanning of coefficient block

C2 and C3 Coding of non-residual SE and CBF, excluding computation in CA

and BAC (more complex for context model selection)
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Fig. 4.2 Five CABAC functional categories as % of total CABAC instructions in CIF test of
H.264/AVC encoder of JM reference SW in the QP range of 12-36

Table 4.3 Percentage of instructions of each category of the CABAC encoding functions in CIF
sequence analysis

Category

C2 and
QP Cl (%) C2(%) C3(%) C4(%) C5(%) C3(%)
36 32.85 2350 2375 10.30 9.61 47.24
32 35.07 21.72 21.32 12.17 9.72 43.04
28 37.34 19.73 19.18 13.84 9.91 38.91
24 39.16 16.56 18.25 15.56 10.47 34.80
20 41.40 12.59 17.26 17.63 11.12 29.85
16 43.19 9.71 16.34 19.21 11.55 26.05
12 45.17 9.33 14.18 19.92 11.41 23.51

Average 39.17 16.16 18.61 15.52 10.54 34.77

when QP increases. CBF coding excluding computation of CA and BAC (C3) occu-
pies 14.2-23.8% of total CABAC instructions, because of high data traffic and
complex operation of context model selection (Ctxldx calculation) of CBF. The
remaining computation (C4) of SCF, LSCEF, and level, excluding CA and BAC occu-
pies 10.3-19.9% of total CABAC instructions. The mapping procedure of run-level
pairs to 4 x4 block coefficients (C5) takes up 9.6-10.5% total CABAC instructions.
The sum of % instructions of C2 and C3 is shown as dashed line in Fig. 4.2, rep-
resenting the sum of non-residual SE and CBF coding (excluding CA and BAC).
This sum occupies 23.5-47.2% of total CABAC instructions, and increases when
QP increases. The instruction-level analysis is also done in HDTV 720p test, with
analyzing result shown in.
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Table 4.4 Percentage of instructions of each category of the CABAC encoding functions in HDTV
720p sequence analysis

Category

C2 and
QP Cl (%) C2(%) C3(%) C4 (%) C5(%) C3(%)
36 3241 21.30 27.04 9.17 10.08 48.34
32 33.27 19.01 26.19 11.03 10.50 45.20
28 34.49 16.54 24.87 13.22 10.89 41.41
24 35.81 12.73 24.25 15.67 11.53 36.98
20 38.25 8.76 22.56 18.28 12.16 31.31
16 41.47 7.86 18.72 19.72 12.22 26.58
12 44.35 9.45 14.69 19.85 11.66 24.14

Average 37.15 13.66 22.62 15.28 11.29 36.28

In Table 4.4, compared to that of CIF sequence coding, percentage of C3
increases significantly, while that of C1 decreases. This is because details of HDTV
video are smoother, and the probability is higher that all coefficients of residual
block are quantized to zero, and the instruction ratio of CBF coding increases, and
that of other residual SEs decreases. Average of C2 and C3 instructions increases
from 34.8 (CIF) to 36.3% (HDTV 720p).

4.1.2 Derivation of System Specifications for CABAC Encoder

The second step of SoC-based entropy coder design is the derivation of system
specifications. This is performed before HW/SW functional partitioning, and detail
targets of the design are specified. As CABAC is adopted in the Main Profile
and High Profiles targeting high bit-rate high resolution H.264/AVC encoding, the
CABAC encoder IP design is required to achieve real-time HDTV encoding of res-
olution of 720p and 1080p at 30 fps or higher frame rate, support different video
coding configurations including adaptive frame/field (AFF) coding mode selec-
tion and RDO, minimize remaining computation on the host processor, minimize
bandwidth and transfer delay on the system bus, and constrain circuit area and
power consumption of the design. Based on these general system specifications,
different HW/SW functional partitioning schemes are evaluated to decide which of
the 5 CABAC encoding functional categories aforementioned and which encoding
configurations should be accelerated by the encoder IP.

4.2 HW/SW Functional Partitioning of CABAC Encoder

HW/SW functional partitioning is the precondition of an efficient HW IP design of
a particular function block of SoC-based video encoder, in which function of HW
IP and SW non-IP on host processor, and data communication manner between host
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processor and HW IP are decided. Based on the system specifications derived in
step 2, different HW/SW partitioning schemes of CABAC encoder are analyzed and
evaluated. Furthermore, necessity of supporting RDO functions in CABAC encoder
IP is analyzed and emphasized.

4.2.1 Analysis of Different Partitioning Schemes

In the 3 main CABAC encoding steps binarization (BN), context modeling (CM),
and BAC, CM can be further partitioned into context model selection (CS) and con-
text model access (CA), and CABAC encoding can sequentially be executed through
steps of BN, CS, CA, and BAC. CS can be further grouped into two categories: CSy,
if coded SEs of neighboring MBs on the left or top of current block of current MB
are needed during context model selection; or CS,, if this type of information is
not needed. Five possible schemes of HW/SW functional partitioning of CABAC
encoding in the reported designs and typical design reported in this book are ana-
lyzed subsequently. In Fig. 4.3, the functions partitioned to HW implementation
of each scheme are highlighted as blocks, while the functions remained in SW are
shown as “SW”.

| Scheme1 | | Scheme2 | | Scheme3| | Scheme4|
4 v

SW SW
BN & CS v BN, y
SW ennes
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H s SW | | | Il—"residual
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BAC: Binary Arithmetic Coding BN,: BN of non-residual SEs
BN: Binarization BN,: BN of residual SEs
CM: Context Modeling CS,: CS that needs to refer to coded SEs of
CA: Context Model Access neighboring MBs
) CS,: CS that NOT needs to refer to coded SEs
CS: Context Model Selection of neighboring MBs

Fig. 4.3 Five HW/SW partitioning schemes of CABAC encoding
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4.2.1.1 Scheme 1: HW Design of CA and BAC

As shown in Fig. 4.3, the HW partition only contains CA and BAC, while the
remaining functions of BN and CS are to be run on the host processor. This scheme
is implemented by several designs including [Kuo06, Li0O6a]. In some designs
[Li06b, Nunez06], CA is left as SW, and both binarized bin string of SEs and cor-
responding context models are required to be prepared by SW, and input to HW IP
through HW/SW interfaces. As shown in Sect. 4.1.1, CA and BAC occupies only
39.2% of the total CABAC instructions, leaving 60.8% of the remaining instructions
to be run on the host processor. System bus bandwidth is also high because the value
of coding bin and context model index (CtxIdx) of each regular bin need to be trans-
ferred from host through system bus. In general, CABAC encoding acceleration is
insignificant in scheme 1.

4.2.1.2 Scheme 2: HW Design of BN, CA, and BAC

In this scheme [Sudharsanan05], binarization is also performed in HW. Only context
model selection is left to SW. However, binarization still needs to be executed in SW
because for a number of SE types, bin values of previous binarized bins are used for
context model selection of following bins during encoding the SE. Computation
resources of HW and SW are overlapped in this scheme, and CABAC is the same
as that of scheme 1.

4.2.1.3 Scheme 3: SW Implementation of Context Model Selection of CS;

In this scheme, only when coded SEs of neighboring blocks/MBs are referred to
select context model (calculation of CtxldxInc), the CS function is partitioned to
SW (shown as CSj in Fig. 4.3). This scheme is adopted in our previous work
[Tian08], because compared to the scheme 1 and scheme 2, large ratio of CS oper-
ations are removed from the host processor. CS; calculation is only necessary for
some types of non-residual SEs and CBF of residual block, and the calculation is
only for the first bin of SE, while for the remaining bins, CS, is adopted instead,
which is implemented in HW. In addition, binarization is completely removed from
SW non-IP block in this scheme, and computation on the host processor is further
reduced. However, calculation of CS; is complex and inefficient in SW. Profiling
results of Sect. 4.1.1 illustrate that computation of C2 and C3 occupies over 1/3 of
CABAC instructions in average, and large ratio of computation is utilized for CS,.
For instance, CS; of CBF utilizes 18.6-22.6% of CABAC instructions. SW design
of CS; also reduces integratability of the encoder IP and increases bandwidth on
system bus.

4.2.1.4 Scheme 4: Scheme 1 with HW Support for Residual SEs of BN
and CS, Except CBF

In this scheme [Osorio05, Osorio06], the design of CABAC HW encoder focuses
on accelerating coding of residual SEs including SCF, LSCEF, and coefficient level.
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Binarization and CS of non-residual SEs are all partitioned to SW. Although the
ratio of bins of SCF, LSCEF, and level is large with respect to the total number of
encoding bins, the remaining computation of SW is still significant (23.5-47.2% of
CABAC instructions in CIF test, and 24.1-48.1% in HDTV 720p test in QP range
of 12-36). Consequently, CABAC encoding can not be significantly accelerated, as
the processing speed is restrained by the SW non-IP.

4.2.1.5 Scheme 5: Complete HW Implementation of CABAC Encoder

As aforementioned, computational burden of the host processor can be significantly
reduced only when binarization and context model selection (CS) of non-residual
SEs and CBF are implemented in HW. In scheme 5, the functions of BN, CS, CA,
and BAC are all assigned to HW, and the remaining computation burden for SW is
data packet preparation for the HW encoder, and coding result receiving from HW
encoder. Compared to the other schemes, computation of host processor and data
transfer on the system bus are minimized. Although the complexity of HW encoder
is higher to support CS,, and larger memory is required to store the coded SEs uti-
lized by CS,, CABAC encoding is significantly accelerated since the bottleneck of at
SW non-IP is removed. In addition, integratability of HW IP of CABAC encoder is
also enhanced. Considering the benefits of scheme 5, the proposed CABAC encoder
IP of this chapter is based on this HW/SW functional partitioning scheme.

4.2.2 Analysis on the Supporting RDO Function in HW CABAC
Encoder

To analyze the influence of RDO on the performance of H.264/AVC encoder, encod-
ing simulation of JM reference encoder is carried out using same test sequences
of Table 4.1, for both RDO-on mode and RDO-off mode. As shown in Table 4.5,
RDO achieves similar bit-rate reduction ratio in the test when two entropy coders
CABAC and CAVLC are used. For CABAC encoding, RDO contributes an aver-
age bit rate reduction of 11.8% in CIF test, and 16.4% in HDTV 720p test. The
test results of Tables 4.1 and 4.5 indicate that it is necessary to support RDO in
H.264/AVC encoder to obtain the significant benefit of the combinational coding
gain of CABAC and RDO.

Computational complexity of CABAC encoder significantly increases in RDO-
on mode. As shown in Table 4.6, the ratio of instructions of CABAC encoding in
the CIF format to the H.264/AVC of RDO-off mode is 0.17—-1.2%, while the ratio is
6.6-20.6% in RDO-on mode. Support for RDO in the CABAC encoder is necessary
to accelerate CABAC encoding in RDO-on mode.

During RDO-on coding, CABAC encoder is utilized to calculate and feedback
coding rate (length of the coded bit stream) of each RDO mode, and operations of
coding state backup and restoration are required when RDO mode changes. The
coding state of CABAC encoder includes three aspects: (a) the state of all context
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Table 4.5 Bit rate reduction of H.264/AVC encoder, using RDO-on mode compared to RDO-off
mode

Sequence
Coder Average
Format Seql (%) Seq2 (%) Seq3 (%) (%)
CIF 11.1 13.0 10.2 114
CAVLC
HDTV 720p 14.0 16.3 16.9 15.7
CIF 12.2 13.0 10.3 11.8
CABAC
HDTV 720p 14.9 15.9 18.5 16.4

Table 4.6 Computational complexity of CABAC encoder in RDO-off/RDO-on mode

Instructions of Instructions of Ratio of
RDO mode QP H.264/AVC CABAC CABAC/H.264 (%)
RDO-off 28 1.87E+10 3.13E+07 0.17
24 1.88E+10 4.89E+07 0.26
20 1.88E+10 8.05E+07 0.43
16 1.89E+10 1.43E+08 0.75
12 1.89E+10 2.23E+08 1.18
RDO-on 28 2.38E+10 1.58E+09 6.64
24 2.45E+10 2.10E+09 8.56
20 2.57E+10 2.99E+09 11.64
16 2.76E+10 4.45E+09 16.09
12 2.96E+10 6.10E+09 20.63

models of context modeling (CM); (b) state of coding interval of Range and Low
of BAC; and (c) the state of coded SEs which are referred by CS; during context
model selection. These coding state backup and restoration operations are neces-
sary during RDO-on coding because of data dependency during arithmetic coding.
In order to support RDO in H.264/AVC, it is required to support (a) the coding rate
accumulation and feedback of each RDO mode, and (b) the coding state backup
and restoration in CABAC encoder. These two types of RDO operations are parti-
tioned to HW IP in this chapter to enhance top-level CABAC encoding performance
by removing the bandwidth of huge amount of data transfer of RDO coding states
between HW IP and SW non-IP, significantly longer memory access delay caused
by access of both system memory and local embedded memory of HW IP, and more
complex control logic for the RDO related data transfer.

4.3 HW Encoder Functional Partitioning Schemes, and the
Top-Level Encoder Architecture

FSM-based functional partitioning scheme is adopted in the earlier design stage of
proposed HW encoder. CABAC coding steps of binarization (BN), context mod-
eling (CM), and BAC (Fig. 4.4a) can be implemented as a Finite State Machine



4.3 HW Encoder Functional Partitioning Schemes 81

Input Packets of SE

B R —
I PR
¢ L
ol = %/
sw v
v cs Oto7
%« ¢ cycles of RN
¢ CTR 4—, l
. Coded
Coded Bit Stream Bit Stream
a b
( ) ( ) RN: Renormalization of
BN: Binarization PR: RangelLPS lookup based zn;;mgtolitcrzrjlor;i::ewf:nodel
H X
CM: Context modelin on context model value N : y
X X ) : g . AC: coding interval subdivision read & write, next coding bin
BAC: Binary arithmetic coding 4t BAC CS: Context model selection

Fig. 4.4 FSM-based partitioning scheme for HW CABAC encoder

(FSM) (Fig. 4.4b). BN is separated from CM and BAC, with a FIFO buffer
inserted between the two parts of functions. In BN, SE is binarized to bin string
and packed with additional parameters including SE type, bin string length, etc.
and buffered in the FIFO before being processed by the encoding FSM of CM
and BAC.

The FSM consists of four sequential coding steps (states): PR (Ranger ps look-
up based on the context model value), AC, RN (renormalization), and CTR (control
of context model), with function of CM mapped to states PR and CTR, and that
of BAC mapped to AC and RN. In PR, Ranger ps (Range value of LPS) of each
regular bin is prepared by a table lookup based on context model and bin value.
In AC, coding interval of [Low, Low+Range) is subdivided and updated by the
selected sub-interval. In RN, updated coding interval is renormalized to maintain
precision of arithmetic coding, while coded bits are output during renormalization.
In the control state CTR, the encoding bin is next prepared with the correspond-
ing context model of regular bin read from context RAM based on context model.
RAM write operation of updated context model is executed in state RN during
interval renormalization. RAM read and write are scheduled in different states
as single-port context RAM is adopted. Compared to regular bin coding, bypass
bin coding only goes through states AC and CTR, as context model access is not
required.

Encoder coding throughput of FSM-based partitioning scheme is low because it
takes 2 or more cycles to encode one bin (average of 4.3 cycles for each RB and
2 cycles for BB). The throughput is not constant because renormalization of state
RN, which is based on the reference algorithm of the standard [ISO/IEC 14496-10],
takes variable numbers of cycles from O to 7, with an average of 1.3 cycles. It is not
easy to enhance CABAC encoding throughput, because of variable cycles required
for renormalization in state RN.
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4.3.1 Typical Hardware Functional Partitioning Scheme

The analyses of HW/SW functional partitioning schemes aforementioned prove that
it is necessary to support complete CABAC function of BN, CM, and BAC in HW
IP. FSM-based HW functional partitioning scheme is inefficient, because of sequen-
tial bin encoding manner. The proposed partitioning scheme targets acceleration of
CABAC encoding by exploiting parallelism in different bin encoding steps.

4.3.1.1 Preliminary Partitioning

A preliminary stage of the proposed HW functional partitioning is shown in
Fig. 4.5b. At this stage, the three coding steps of CABAC algorithm shown in
Fig. 4.5a are partitioned into function units of BN, CSy, CS,, CA, and BAC. CM
is partitioned to two consecutive coding stages CS and CA for context model selec-
tion and context model access. CS is partitioned to two units CS; and CS; based on
whether coded SEs of neighboring MBs needed to be referenced during selection.
The CABAC algorithm is executed in sequential order from BN, CS, CA, to BAC.
The reason that CS and CA are allocated as two sequential coding stages after BN is
that: (a) in some conditions, CS of current bin depends on the value of previous bin
of same bin string; (b) for non-binarized SE, CS and CA are multi-cycle procedure
that loop over all regular bins of the SE, while BN can be completed in single cycle,
and it is beneficial to separate BN and CM to enable parallel processing of BN and
CM; (c) CA depends on the context model selection result of CS, and it must be
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Fig. 4.5 The proposed partitioning scheme for HW CABAC encoder
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scheduled after CS. After the preliminary partitioning, further functional partition-
ing and adjustment are necessary to target high-throughput fully pipelined encoding.
Data dependency among the coding stages should be reduced, and the computational
complexity among the partitioned functional units should be balanced.

4.3.1.2 Detailed Functional Partitioning Scheme for SE Coding

The proposed HW functional partition for SE coding is illustrated in Fig. 4.5c.
Compared to the preliminary partitioning (Fig. 4.5b), unit BS (coding bin serial
output to CA) is allocated to fetch bin string of SE generated by BN and serially
generate packet of coding bins of bin string to CA and BAC. Additional param-
eters including bin type and Ctxldx of regular bin are packed with coding bin in
single packet, named bin packet in BS, which will be processed by CA and BAC. In
order to reduce the critical path length of BAC, the BAC is further partitioned into
two coding units, including: unit AR for interval subdivision and renormalization of
arithmetic coding, and unit BP for bit packing of output bit stream.

CS; is scheduled in the coding stage before CS, in CABAC encoding flow.
The reason is that compared to CS,, computation of CS; is more complex and
irregular, and the selection of context model of CS; needs to reference and access
the coded SEs of neighboring blocks/MBs. Moreover, as a further 9-bit addition of
CtxldxInc and CtxOffset is required to calculate Ctxldx of each regular bin, the crit-
ical path length can be efficiently reduced when the complex CtxldxInc calculation
is performed in CSy, and Ctxldx is calculated and packed into bin packet in CS,.
Therefore, CS; is scheduled as the previous coding stage of CS; in the CABAC
encoding flow, processing each input SE packet in parallel with BN. Although BN
and CS; utilize similar input SE packet parsing circuit, packet processing mech-
anisms of the two are distinctly different. The two units are not combined in this
scheme to avoid increase of circuit complexity and critical path delay and enhance
coding efficiency. Because CS; is only triggered to calculate CtxIdxInc of the first
regular bin of several types of SEs, it is ensured in this scheme that CtxldxInc
selected in unit CS; is ready for Ctxldx calculation in unit BS when the bin packet
of corresponding regular bin is to be generated in BS. Partitioning of CS functions
of this scheme has no influence on the throughput of bin packet generation of BS.

Two FIFO buffers are inserted to buffer the output of unit BN and CS;j: bin string
packet of BN and CtxldxInc of CSy. FIFO buffer insertion enables BN and CS; to
work in parallel with the following coding units. FIFO buffer insertion after BN
is necessary because for the coefficients of residual block, it takes 1-16 cycles to
receive input packets of run-level data pair before bin string generation of residual
SEs including CBF, SCF, LSCF, and level. During this output idle period of BN,
the buffered bin strings in FIFO can still provide bin strings to unit BS without
interruption.

The function units partitioned in the proposed scheme (Fig. 4.5¢) include N and
CS1, BS and CS,, CA, AR, and BP. The units are scheduled as sequential SE cod-
ing stages. Data dependency among these coding stages is minimized, and the units
consist of a top-level SE encoding pipeline, in which all units work in parallel.
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Compared to the FSM-based partitioning scheme aforementioned, 1 bin/cycle
throughput can be achieved in the proposed scheme. For regular bin coding, the
throughput speedup of the proposed scheme compared to FSM-based scheme is 4.3;
and for bypass bin coding, the speedup is 2. The top-level full-pipelined encoder
architecture will be introduced in the following sections.

4.3.1.3 Functional Partitioning of Additional Functions of CABAC Encoder

As discussed in Sect. 4.2, additional functions need to be supported in the HW par-
tition of CABAC encoder, including (a) initialization of context models of context
RAM during slice initialization and (b) context state backup and restoration during
P8x8 sub-MB RDO mode decision. Because these two types of functions are not
frequently triggered during CABAC encoding compared to SE coding and context
memory access operations are required in both, the two types of functions are par-
titioned to one function block in the proposed CABAC encoder. The block and the
other SE encoding units of the encoder are activated alternately. When the block is
triggered by the control signals parsed from input packets, the other SE encoding
units of the encoder will stay in idle state until operation of the block completes.
HW acceleration of this block is necessary to reduce idle time of the top-level SE
coding pipeline. Compared to the reported designs, design of this function block is
only proposed in this work.

4.3.2 Fully Pipelined Top-Level HW CABAC Encoder Architecture

The top-level architecture of the proposed CABAC encoder is shown in Fig. 4.6.
The encoder consists of three functional blocks and a memory block: Block 1 for
input parameter parsing and binarization and context model selection (CS); Block 2
for CA and BAC; Block 3 for functions of context model initialization and context
state backup and restoration during P8 x 8 sub-MB RDO mode decision (P8 x8 RDO
coding); and a memory block for context RAMs and ROM tables.

As shown in the figure, Block 1 consists of 3 functional units CSy, BN, and
BS&CS;. It also utilizes 3 FIFO buffers and a RAM of coded SEs. The RAM is
only accessed by CS;. The function of BS and CS; are integrated into one unit
(BS&CS») in order to complete the context model selection (Ctxldx calculation)
and packing of bin and Ctx/dx in the same cycle. Block 2 consists of 3 functional
units including CA, AR, and BP, as introduced in Sect. 4.3.1. The WISHBONE
(WB) system bus master and slave interfaces [Wishbone] are also integrated to the
encoder to enhance the portability and reusability of the IP, and design of system
bus interfaces will be discussed in Chap. 6.

Input SE received from WB slave interface is encoded in Block 1 and Block 2. In
Block 1, FIFO1 (16-word x22-bit) buffers 22-bit input SE packets. Unit BN bina-
rizes SE value into 33-bit bin string package. Read of FIFOI is controlled by BN.
The packet read from FIFOLI is sent to and parsed in BN and CS; simultaneously.
Context models of part of regular bins are selected in CS; by calculating a 3-bit
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CtxldxInc when the coded SEs of neighboring blocks/MBs are to be referenced,
which are stored in the SE RAM. The size of SE RAM depends on the maximum
horizontal resolution of input video sequences supported by the encoder. In unit
BS&CS,, context model selection of regular bin is completed by calculating CtxIdx
of each regular bin based on SE type and calculated CtxIdxInc from CS; or CS,.
For each bin of SE bin string, a 13-bit bin packet containing bin value, bin type,
and Ctxldx of regular bin is generated in BS&CS,, and sent to Block 2. As previ-
ously discussed, a 32-word x 3-bit FIFO2 and a 8-word x33-bit FIFO3 are inserted
in Block 1 to buffer the bin string of BN and CtxldxInc of CS; that can largely
reduce the probability of stalling in unit BS&CS, and the following coding stages
when the input data to BS&CS; is not available. In Block 2, context model of each
regular bin is accessed in unit CA from context RAMs according to Ctxldx. The
coding interval is subdivided and renormalized in unit AR by updating values of
Range and Low. After renormalization, upper bits of Low are parsed in unit BP, and
packed and output through the WB system bus master interface. Coding throughput
of top-level pipeline of Block 1 and Block 2 is 1 bin/cycle, as in each cycle one bin
packet can be generated in BS&CS; and encoded in AR.

The context memory block of the encoder (top-right of Fig. 4.6) contains one
context initialization ROM (4 ROM tables, 106-word x 64-bit each) used by Block 3,
and five context RAMs including a 53-word x 56-bit Normal context RAM (Normal
RAM), a 53-word x 56-bit Temp context RAM (Temp RAM), a 11-word x 6-bit con-
text line access address list (Address list), a 1 1-word x 62-bit RAM that stores coding
address and context line in P8 x8 RDO coding (P8 x8 RAM), and a 11-wordx62-
bit RAM that stores address and context line in P8 x8 RDO coding (Best RAM).
Normal RAM, Temp RAM, and Address list are accessed by both Block 2 and
Block 3, while P§x8 RAM and Best RAM are only accessed by Block 3. In the
following sections of this chapter, unit BN and BS&CS; of Block 1 and unit AR
and BP of Block 2 will be discussed in details. Context model selection and access
including CS1 and CA will be discussed in Chap. 5.

4.4 Binarization and Generation of Bin Packet

4.4.1 Input SE Parsing and Binarization of Unit BN

Input packets to the CABAC encoder provide the necessary information for both
SE coding and encoder control. The packets are buffered in FIFO1 and accessed by
both units BN and CS;. The format of the 22-bit packet is illustrated in Fig. 4.7.
The 2 highest significant bits (21:20) decide one of 4 categories of input pack-
ets: non-residual SE, Run-Level pair of residual block coefficients, RDO coding
control parameter, and slice initialization parameters and frame/filed coding flag at
the frame level. For non-residual SEs, 4-bit tag (19:16) is used to classify among
different SE types including MVD-S (absolute MVD value that can be represented
in 6 bits), MVD-L (large MVD value), reference index, MB QP delta, Skip flag,
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22-bitinput packet:  [21]20[19]18]17[16]15[14]13]12[11]10] 9[8[ 7[6[s]a[a]2]1]0]

2'b00: Non-Residual SE

H
4categ ies
of packets

MVD-S: for small MVD value

. (o] [ofre[n] [w[e]e]7] [e] [e]<[s]2] ]o]
xly

Partition B8 & B4 Sign 6-bit MVD abs value
dll’ comp category index

Non-residual SE type: i MVD-L: for large MVD value

MB type, sub-MB type, [1o]o]s]7]6]s]4]3]2]1]0]

MVD_L, MVD_S, ref . . !
idx, intra pred, chroma xly comp  Sign 11-bit MVD abs value

i?é[é?ﬁg’mfcae . . [e]s]e] |3|2|1|°|

EOS fib Partition
dir comp category |ndex

Ref ldx: Skip, EOS:

L7le] [s]4] [2]2]1]c] (o]
fib Partition . Ref idx

. B8 index
dir category value

MB QP delta: Chroma intra
n pred mode:
Sign MB QP delta abs value Pred mode
n MB type
EI CBP chroma CBP luma n

1-bit value

B8idx  CBP bit
L2 2] ]o] mode: [a]2]1]o]

B8 idx Type value Pred mode value

2'b01: Residual coef Run-Level pair:

[17]16]1s]14] 18] 12]11]10] 9 [8] 7 [6 5] [s]2]1]0]

13-bit Abs level Sign 4-bit Run

2'b11: RDO ctrl param:

e[

Backup & restoration of context state in
RDO P8x8 coding

1: Block 3 opt

]

DEDERE
Backup & restoration of coding interval,
RDO rate output, RDO on/off

0: Block 2 opt

2'b10: Slice initialization param & frm/fld flag:

2100: 1t slice ini packet |11|1o| 9 | | 8 | 7 | |s | 5 | 4 | 3 | 2| 1 | 0 |
Slice type  CABAC ini IDC QP of slice

2101: 2nd slice ini packet |13|12|11 |1o| 9 | 8 | 7 | | 6 | 5 | 4 | 3 | 2 | 1 | 0 |
Horizontal resolution of n st .
picture in MB numbers Position of 17 MB in slice

2b10: frm/fld flag II,

(frame level)

I o [o] 6-bit MB type value
I Sub-MB type: Intra pred

| G

|

Flag value

Fig. 4.7 Input packet format of CABAC encoder
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EOS (end of slice), luma/chroma intra prediction mode, CBP, MB type, and sub-MB

type.

For residual coefficients, the packet of run-level pair supports the 13-bit absolute
value of level, and 4-bit run, which are the maximum range of the Main profile.
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Two types of RDO control parameters are supported that control RDO operation
of context state backup and restoration in Block 3 and coding interval backup and
restoration and coding rate output of each RDO mode in Block 2. Slice initializa-
tion parameters are parsed from the two input packets including slice type, slice QP,
CABAC initialization IDC, the number of MBs in the horizontal resolution of pic-
ture, and the position of the 1st MB of slice. The slice initialization parameters are
utilized in BN and CS; and Block 3.

Details of input packet parsing and SE binarization procedure of unit BN are
illustrated in Fig. 4.8. BN contains 3 major data paths that process input packets
of non-residual SEs, residual SEs, and the encoder control parameters. When the
control parameters are parsed and sent to Block 3, BN waits for the acknowledgment
from Block 3 before processing the next input packet. The End-of-Slice (EOS) flag
and RDO operation parameters including Range and Low backup and restoration
modes, RDO on/off flag, and RDO coding rate output instruction are buffered in the
FIFO3 and forwarded to units of Block 2.
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Fig. 4.8 Procedure for parsing and binarization non-/residual SE and control parameters of unit
BN, Block 1
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Different types of non-residual SEs shown in Fig. 4.8 are parsed according to
the 4-bit tag in the packet and binarized in BN. Except for the SE type and SE
value that are utilized for binarization, additional parameters are provided in the
input SE packets of some types of SEs including MVD, reference index, CBP,
sub-MB type, etc. These parameters include forward/backward directions, parti-
tion category, and block index of 8 x8 sub-MB and 4 x4 block which provide the
necessary information to locate and access coded SEs in the current MB, or neigh-
boring coded MBs during context model selection of CS;. Because several numbers
of parameters of MVD are required in CSy, in order to reduce packet size, input
parameters of large MVD (abs MVD >=64) are separated to two packets, as shown
in Fig. 4.8.

The throughput of CABAC encoder is not influenced by packet partitioning,
because the frequency of encoding large MVD is very low, and it takes multiple
cycles to generate bin packets of SE in BS&CS,. In order to simplify packet parsing
in BS&CSj, prefix and suffix bin strings of SE are sent to BS&CS; in separate
packets, and bin strings of regular bin, bypass bin, and EOS bin are also packed sep-
arately. A barrel shifter is utilized to implement binarization schemes of unary and
truncated unary (TU) for SEs such as reference index, MB QP delta, prefix of MVD,
and residual coefficient level. For the SEs with LUT-based binarization scheme,
including MB type and sub-MB type of I, P, and B pictures, LUT is implemented
by combinational circuits instead of memory-based LUT to reduce table lookup
delay.

Coefficients of residual block are processed in different paths, because SE values
are not available until run-level pairs of a 4x4 block are all received. Figure 4.8
shows that SEs of various flags, such as CBF (coded block flag), SCF (significant
coefficient flag), and LSCF (last SCF) are generated during run-level pair receiving
procedure. After the output of CBF, a single packet of SCF and LSCF are output,
which contains 15-bit SCF map, 4-bit index of LSCF position, and 4-bit CtxOffset
index consisting of frame/field coding flag and residual block category. The benefits
of single output packet of SCF and LSCF include: total processing time of residual
block in unit BN is reduced, and the coding throughput of BS&CS; is significantly
improved. The absolute level values (abs_level) and signs of coefficients are output
in LIFO (last in first out) pattern. CtxldxInc of the first bin and the remaining bins
of abs_level prefix bin string are calculated in BN and sent to BS&CS,; according
to the number of coded level values equal to 1 (Eql), and number of coded levels
of value greater than 1 (Gtl) of the processing block, as shown in Fig. 4.8. The
counters of Eql and Gtl are accumulated for each block during coefficient level
binarization procedure.

For SEs of MVD (motion vector difference) and residual coefficient levels, bina-
rization techniques of TU (truncated unary) and EGk (kth order Exp-Golomb code)
are used to binarize the prefix and suffix bin strings, respectively. The EGk bina-
rization introduced in Chap. 2 is not suitable for HW implementation because of
long and variable operational delay. A fast EGk coding circuit is proposed and
applied in unit BN for suffix binarization of MVD (k=3) and coefficient level (k=0).
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Assume input value of EGk is x, with m+l bits, represented by
x[M:0],and k >= 0
For k=0:
y=x[M:0]+1, MSB of y is yI[N], N can be M or M+l
The output bin string contains 2N+1 bits, including N bits of
1, 1 bit of 0, and lower N bits of y: y[N-1:0]
For k>0:
x[M:0] is the concatenation of two parts:
x[M:k] and x[k-1:0]
y=x[M:k]+1, MSB of y is y[N], N can be M-k or M-k+1
The output bin string contains 2N+1+k bits, including
N bits of 1, 1 bit of 0, y[N-1:0], and x[k-1:0]

Fig. 4.9 HW-oriented EGk binarization algorithm

In general, the HW-oriented EGk binarization algorithm can be described in the
following pseudo code, shown in Fig. 4.9.

According to the algorithm depicted by Fig. 4.9, EG3 circuits that support 11-bit
range of absolute MVD is designed to generate a MVD suffix bin string in single
cycle, as shown in Fig. 4.10a. The absolute value of MVD is subtracted by 1 first
(equal to: abs_MVD -9 + (1 < k), in which k is 3). The 8 most significant bits of
abs_MVD-1 are checked in the detection circuit of Most-Significant-One (MSB),
and bin N is detected as Most-Significant-One. The output suffix string consists of
N bits 1, one bit 0, and lower N+3 bits of abs_ MVD-1. MSB index and the sign of
MVD are output in the same packet. A fast EGO circuit similar to that of MVD is
designed for the abs_level suffix binarization, which supports maximum range of
bin string length of 25, as shown in Fig. 4.10b.

11

D abs_ MVD | D MVDsign |
11 13

abs_level -14

11
| abs_MVD-1[10:0] |

10:3 t :
$[ ! (2:0] \ 4 (N<13)
MostSigOne MostSigOne
detect (bin N)  [(N<8) detect (bin N)
N+l [N 3 N+ %
[MSB index |[ 111..10 [abs_MVD-1[N+2:3]|| | [MSBindex | | 111..10 | level suffix [N-1:0] |
Bin type 5 N ——
L§_+ ﬁJ P H N+ 4$Bin type
VY A A
Output bin_str packet | D Output bin_str packet |

v v

(a) (b)

Fig. 4.10 Fast EGk binarization implementaion. (a) EG3 binarization for the suffix of MVD; (b)
EGO binarization for the suffix of abs_level_minus]
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4.4.2 Bin Packet Generation and Serial Output of Unit BS&CS

Unit BS&CS, fetches 33-bit bin string packet from FIFO3 and serially outputs bin
packet for each bin of SE bin string with the related context information to unit
CA of Block 2. For regular bin, context model selection is completed in this unit
by calculating Ctxldx, which is used to locate the context model of coding bin from
context RAM in unit CA. For regular bin, the 13-bit bin packet consists of bin value,
Ctxldx, and bin type. For bypass bin, terminate bin (including EOS), and control
parameters of Block 2, no calculation of Ctxldx is needed. The architecture of unit
BS&CS; is shown in Fig. 4.11.

Figure 4.11a illustrates processing procedure of regular and bypass bin string
excluding SCF and LSCF of residual block. Regular or bypass bin in the string is
output from MSB to LSB. Ctxldx value of regular bin is calculated by the addition
of CtxOffset and CtxldxInc. CtxOffset decides the initial RAM address of a group
of context models of the same SE type, while CtxldxInc decides the position of
the selected context model within the group. CtxOffset is looked up from LUTSs
according to SE type, which is packed to the bin string packet by unit BN. For large
ratio of regular bins of non-residual SEs, CtxldxInc is looked up from LUTSs in unit
BS&CS; based on bin index (position of the bin in bin string) and/or the value of
previous bin in the bin string. Only for a small part of regular bins of non-residual
SEs, CtxldxInc is input from the context model selection results of unit CSy, which
are buffered in FIFO2; while for abs_level, context model selection is generated in
unit BN, and CtxldxInc values of the 1st bin and remaining bins are packed in the
same input bin string packet of abs_level.

Bin packet generation of SCF and LSCF is shown in Fig. 4.11b. The map of
SCF of residual block is stored in a 15-bit buffer, and bin packets of SCF and LSCF
are output from the position of SCF index 0. The LSCF/SCF coding flag decides

FIFO3 FIFO3

| [ RefTable £rop ———— 15 4
MSB Index bin Index 4| [ ScF SCHstring  [CtxOffset
01 1 ~L3 Index (Max [15 bits) Index

4
. NonResidual 3
PBin Index Cixldxine EB,_(]:1
] Table lookup 4 0
LSCFpos 4 SCF
4 Index
v 4
Finish
control
Output ;
6 bin
SCF/LSCF D> Output packet
coding flag 13

(a) (b)

Fig. 4.11 Architecture of unit BS&CS2: (a) CtxIdx calculation and bin packet serial output circuit
for all SE, excluding SCF and LSCF; (b) CtxIdx calculation and SE serial output of SCF and LSCF
packet of residual coefficient block



92 4 Design of a CABAC Encoder

the output order of bin packet of SCF and LSCF, and controls the increase of SCF
index. Bin value of SCF in the packet is read from SCF map, while LSCF value is
generated in the Finish Control block according to LSCF position. CtxOffset values
of SCF and LSCF are looked up according to CtxOffset index, and CtxldxInc is
generated from SCF index directly. Context model selection of unit CS; will be
discussed in Chap. 5.

The processing of SE bin string and generation of bin packet in unit BS&CS,
are designed as FSM. According to bin type, SE type, and whether context model
is selected by CS; or CS,, first FSM state parses bin string and processes the first
bin of string, and the other FSM states can be triggered to process following bins
in the string. For each bin string packet, 1 bin packet can be generated per cycle.
Processing steps of input packet paring, Ctxldx calculation, and bin packet genera-
tion and output can be completed in the same cycle. If the next bin string packet is
ready in FIFO3 during processing of current bin string, unit BS&CS, will continue
generation and output of bin packet of next bin string with no pause. Therefore,
constant throughput of 1 bin packet/cycle is insured for the proposed design of unit
BS&CSs.

4.5 Binary Arithmetic Coding (BAC)

Binary arithmetic coding (BAC) is the encoding and bit stream output stage of
CABAC. Functions of BAC include: (a) encoding of regular bin, bypass bin, and
terminate bin by subdivision and selection of coding interval according to the con-
text model (probability model) of coding bin, (b) renormalization of coding interval
to keep encoding precision by upscaling Range and Low, and (c) output confirmed
higher bits of Low as coded bits of CABAC. Proper functional partitioning and
efficient removing of data dependency are important to accelerate BAC. As afore-
mentioed, BAC is partitioned into two consecutive coding stages: AR and BP. In
the proposed HW encoder, BAC is partitioned and designed as a 3-stage pipeline:
first stage for unit AR and following 2 stages for unit BP. In the following sections,
proposed HW-oriented renormalization and bit packing scheme is introduced first.
Then, design consideration and architectures of the pipeline stages of BAC will be
discussed respectively.

4.5.1 A Typical Renormalization and Bit Packing Algorithm

As discussed in the FSM-based functional partitioning scheme, direct implementa-
tion of SW-oriented renormalization algorithm is not timing-efficient and restricts
the throughput of BAC. A HW-oriented renormalization and bit packing algo-
rithm is discussed in this chapter, which provides identical coding performance,
but significantly higher coding throughput, compared to the reference algorithm
of H.264/AVC [ISO/IEC 14496-10]. The proposed algorithm, as described in the
flowchart shown in Fig. 4.12, which is different from the QM coder renormalization
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Fig. 4.12 Flowchart of
renormalization and bit
packing algorithm in HW

Detect Leading Zero Length
(N) of Range

Left shift Range & Low N
bits to complete renorm

|

Top N+1 bits of Low store in
parse_str for bit packing

parse_str all
1s?

No Yes

Detect position of least Output 18t pit 1 and
significant zero (LSZ) confirmed outstanding
of parse_str (OS) bits of 0

A 4

Yes
¢ Output parse_str[N]
Length of and OS bits
outstanding bits ¢
ncrease N Output remaining

bit string & update
OS bit string length
if needed

End

derived in [Nunez06, Osorio06]. After coding interval subdivision, Range and Low
of selected subinterval are input to the renormalization and bit packing stage.

The proposed algorithm illustrated in Fig. 4.12 can be designed as two sequen-
tial steps for renormalization and bit packing. Renormalization can be completed
within single clock cycle by checking leading zeros of updated Range, while bit
packing is more complex. Critical path of bit packing can be reduced by imple-
menting bit packing into two pipeline cycles, because there is no data dependency
(feedback loop) in sequential bit packing operations. Leading zeros detection and
least significant zero detection are implemented by fast table lookup implemented
in combinational circuits, while the other operations are implemented as arith-
metic operations including addition, barrel shift, bit concatenation, comparison, etc.
Because outstanding bits are not output until bit value is confirmed, the issue of carry
propagation is not involved in this design compared to that of [Nunez06, Osorio06].
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Fig. 4.13 Three-stage pipeline implementation of renormalization and bit packing algorithm in
unit AR and unit BP

The proposed renormalization and bit packing algorithm is implemented as a
3-stage pipeline illustrated in Fig. 4.13. Because the updated Range after renor-
malization is required for the selection of proper Rangerps for the next regular
bin, operations of coding interval subdivision and renormalization of Range and
Low need to be completed within one clock cycle. Therefore, these operations are
designed as sequential steps of unit AR of Block 2. Prefetch of Rangey ps is nec-
essary before AR operations, because the lookup of 64-entry LUT based on the
6-bit pStateldx of context model is timing consuming. The prefetch of Rangey ps is
implemented during context model access of unit CA, which is one stage before the
operation of AR, and it can efficiently reduce critical path length of unit AR.

Because Range value is not available during prefetch, 4 possible values of
Rangey ps of the next regular bin are all prefetched. As shown in Fig. 4.13, a 4-to-
1 multiplexer is allocated in unit AR to select the correct Ranger ps before coding
interval subdivision based on 2 bits of updated value of Range (Range [7:6]). In
unit BP, string parsing of higher bits of Low and the following operation of bit
string packing and output are separated to two pipeline stages. The throughput is
not influenced in continuous BAC coding procedure, while critical path of unit BP
is significantly reduced.
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4.5.2 Coding Interval Subdivision and Renormalization of Unit AR

The architecture of unit AR is shown in Fig. 4.14. Regular bin, bypass bin, and
terminate bin (EOS) are encoded in 3 separate coding routes. The coding inter-
val represented by Range and Low is subdivided and updated to one of the two
subdivisions according to bin value, bin type, and MPS of bin in regular bin coding.
For regular bin coding, interval subdivision and renormalization can be implemented
as two sequential steps. Coding interval is updated to one of two subintervals
based on whether bin is MPS or LPS. Then, Range and Low of the interval are
renormalized.

In unit AR, MPS bin and LPS bin are processed separately, as shown in Fig. 4.14.
For MPS bin, renormalization is not needed or only 1 bit renormalization is taken;
while for LPS bin, length (1-6 bits) of renormalization is decided by a 5-bit lead-
ing zero detection (LZD) circuit of Range. Separate processing of MPS and LPS
simplifies coding procedure and reduces critical path length in unit AR, compared
to the scheme with a unified renormalization step for both MPS and LPS bin.
Renormalization is executed by left shifting N bits (LZD length) of the updated
Range and Low. Multiplexers are allocated to select proper results from one of the
three coding routes including Range, Low, and coding parameters to the bit packing
stage. The critical path of unit AR is from Rangej ps selection to coding interval
update and renormalization of LPS bin, to the data input of Range registers. In
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[Osorio06], update and renormalization of Low is scheduled one cycle later than
that of Range, because selection of Rangey ps does not depend on the updated value
of Low. However, because Low computation is not complex during interval subdi-
vision and renormalization, it is beneficial to schedule the operations of Low and
Range in the same cycle to avoid one cycle delay of bit packing.

4.5.3 Bit Packing of Unit BP

The early design version of this unit only contains single pipeline stage. In order
to reduce critical path length of unit BP, a two-stage bit packing unit with 8-bit
packet size is proposed, and the architecture is shown in Fig. 4.15. In the 1st pipeline
stage of BP, least significant zero (LLSZ) bit position of parsing string (the output bit
string from Low after renormalization generated in unit AR) is determined. Based
on LSZ position, parsing string is separated into output bit string and outstanding
(OS) bit string. In the 2nd stage of BP, the first output bit, confirmed OS bits, and
remaining output bits are appended in the packing buffer. Because output packet
size is reduced from 32 to 8 bits (1 byte), the size of packing buffer and operation
delay of bit packing are reduced significantly. A 3-bit OS byte counter and a 3-bit
OS bit counter are allocated to calculate the accumulated length of OS bits, and the
design can tolerate a maximum length of 63 bits of OS bit string (enough for extreme
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case) before OS bit string value is confirmed. Coded bits are output from bit packing
buffer in integer number of bytes with confirmed bytes of OS bits inserted after the
Ist output byte.

As shown in Fig. 4.15, excluding the confirmed stuffing OS bytes, maximum of
3 bytes can be output from BP per cycle when EOS flag is coded in BAC, including
EOS byte, 1st output byte, and 2nd output byte. Compared to CABAC encoder
designs [Osorio04, Shojania05, Osorio06] with FIFO buffer allocated for output
packets, output FIFO buffer is not inserted after unit BP, and output delay of coded
packets is reduced. Situation of multiple output bytes in one cycle can be handled
by the system bus interface of CABAC encoder, in which coded bytes are packed
and serially output.

4.6 Additional Functions Supported by the CABAC Encoder

4.6.1 Context Model Initialization

Before CABAC coding of SEs of one slice, context models need to be initialized
based on parameters of slice type, QP, and CABAC initialization IDC [ISO/IEC
14496-10]. Most of the reported designs do not implement context model ini-
tialization in HW. The advantage of HW context model initialization is that HW
calculation is more timing-efficient compared to the calculation on the host pro-
cessor, and system bus occupation for context model transfer and memory access
of context initialization parameters is removed. As shown in Fig. 4.6, one of the 4
ROM tables is selected to provide context model initialization parameters to Block
3. Each ROM table is 106-line x 64-bit, and each 64-bit line stores context initial-
ization parameters of 4 context models. A 5-stage pipeline is designed to process 4
context models per cycle. Stage 1: read address of one line of ROM table is output
from Block 3; stage 2: the ROM stores read address; stage 3: initialization parame-
ters of 4 context models are read from ROM; stage 4: 4 multiplications are executed
in parallel; and stage 5: 4 context models are generated in parallel, with one addition
and several bitwise operations. Four identical processing units are allocated in this
pipeline, and the calculation is further accelerated. With the additional computa-
tion resources allocated, idle cycles between coding slices are significantly reduced.
In every two cycles, 8 context models are generated, concatenated, and written to
Normal context RAM. A total of 424 context models can be initialized in 110 cycles,
including pipeline filling time.

4.6.2 RDO Operations Implemented in BAC

In RDO-on mode coding, according to the RDO control parameters, state of coding
interval (values of Range and Low) are backed up or restored in unit AR when RDO
mode changes. Three backup copies of Range and Low values are allocated. During
the coding of non-P8x 8 RDO mode, only one copy of backup values are accessed,
which stores the original state of interval; while in P§x8 RDO coding, 3 backup
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copies are all utilized during selection of the best coding mode (partition mode of
ME) of each 8 x8 sub-MB.

The coding rate of each RDO mode is accumulated in the 13-bit counter allocated
in the first pipeline stage of unit BP during coding of each RDO mode. Instead of
parsing output bit string, length of code bit stream (number of confirmed output bits
and outstanding bits) is accumulated in a local counter. When coding of one RDO
mode is finished, the coding rate is output to the host processor through system bus
interface. In SoC video encoder system of H.264/AVC with the proposed CABAC
encoder, coding of the next RDO mode will begin only when the rate of current
mode is received by higher level system controller (host processor). If there is no
data dependency between consecutive coding modes, such as intra4 x4 prediction
mode, input coding packets of next mode can be sent to CABAC encoder after
packets of current mode is sent, even the rate of current mode is not received by
the host processor.

4.6.3 FWFT Internal FIFO Buffers

For conventional design of FIFO buffers, if FIFO data-output-ready-signal is set in
cyclen, FIFO read signal can only be sent to FIFO in cyclen,, and FIFO output data
can only be used in cyclens2. One cycle of delay of FIFO read can not be avoided
in such architecture. In the CABAC encoder design targeting high throughput, it
is necessary that FIFO output data can be used in cycleny; when ready signal is
set in cyclen. One solution is to access FIFO at the negative edge of clock edge.
However, clock frequency will be degraded because for the critical path start from
FIFO output data, critical path is limited to half of cycle length.

In the proposed CABAC encoder design, FIFO of FWFT (first word fall through)
architecture is designed and used for the 3 FIFOs in Block 1. The FIFO consists of
a single port SRAM, combinational control circuits, and one output data buffer. The
output ready signal is not registered so as to respond to the read request from Block 1
in the same cycle. Although circuit area of FWFT FIFO (with output data buffered)
is larger than that of conventional FIFO, one cycle of FIFO read access delay is
removed, and the throughput of CABAC encoder is not influenced by FIFO access.

4.7 Summary

In this chapter, Design Methodology of SoC-based Statistical Coder is presented
first. Based on the methodology, performance and complexity analysis and sys-
tem specifications of CABAC encoder are derived. According to the specifica-
tions, HW/SW functional partitioning and HW functional partitioning of CABAC
encoder are carried out. A full-pipelined CABAC encoder is designed based on
the partitioning schems, and the top-level architectures of the encoder and detailed
architectures including binarization, BAC, etc. of Block 1 and Block 2 of the
encoder are introduced, respectively.



Chapter 5
Efficient Architecture for Context Modeling
in the CABAC Encoder

In this chapter, context-modeling-related functions of the proposed CABAC encoder
design are introduced including context model selection of unit CS; and context
model access of unit CA. A scheme of context line access and local buffering is pro-
posed to reduce RAM access frequency. During each RAM access, multiple context
models (8 models) are read from or written to context RAM instead of single con-
text model access in most designs. Statistical data of CACTI RAM modeling tool
[WSCACTI] demonstrates that context RAM power consumption of the proposed
scheme can be lower when RAM access frequency reduces to 33.9% of the designs
with single context model access architecture. With local context line buffering and
elaborate context model reallocation of context RAM, efficient context model access
can be achieved. Coding state backup and restoration operations of RDO-on mode
are also introduced including the operations for context models of Block 3 and codes
SEs of unit CS;. Compared to the reported designs, full support of coding state
backup and restoration of RDO-on mode is only proposed in this part of the book.

5.1 Context Model Selection

The outstanding compression efficiency achieved in CABAC encoder of H.264/AVC
with comparison to the previous arithmetic coders can be attributed to the proper
selection of context model and regular bin coding based on selected context model.
For bypass bin coding, no compression can be gained. In order to select the most
suitable context model of each regular bin, a number of factors need to be con-
sidered, including the SE type, the coded bins of current SE, the coded SEs of
neighboring blocks, etc.

As introduced in Chap. 2, the context model of context RAM addressed by
Ctxldx, which is the sum of CtxOffset and CtxldxInc. The context model selection
is partitioned into unit CSy and unit BS&CS; of Block 1. In CSy, the context model
selection needs to reference to coded SEs of neighboring blocks of current MB or
neighboring MBs. As shown in Fig. 5.1, unit CS; is further partitioned to two sub-
units: IC sub-unit for coded SE access and CtxldxInc calculation for current coding
MBs, and MA sub-unit for memory access operations for the backup coded SE. The
generated CtxldxInc values of CS; are buffered in FIFO2 and utilized by BS&CS;

X. Tian et al., Entropy Coders of the H.264/AVC Standard, Signals and 99
Communication Technology, DOI 10.1007/978-3-642-14703-6_5,
© Springer-Verlag Berlin Heidelberg 2011
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Fig. 5.1 Block diagram of Unit CS;of Block 1
unit CS1, with sub-units MA
and IC
SE RAM for |_141_ MA
coded MBs [ " sub-unit
Code SEs
of MB
FIFO1 22| | IC P 3 | FIFO2
16x22 - ” b-unit | "1 32x3
6x SE sub-uni Coddxine
packet

for Ctxldx calculation. In the following Sect. 5.1, the scheme for storage and fast
access of the coded SE in IC sub-unit will be introduced first, followed by separate
discussions of the architectures of IC and MA sub-units.

5.1.1 Scheme of Storage and Fast Access of Coded SEs of IC
Sub-unit

IC sub-unit of unit CS; calculates CtxldxInc for particular bins at specified position
(bin index) of several types of SEs, as listed in Table 9.30 of [ISO/IEC 14496-10].
The coded SEs of neighboring BPMB (4 x4 block, MB/sub-MB partition, or MB)
on top or left of current BPMB are used for the calculation of CtxldxInc of one
regular bin of current SE in IC sub-unit.

The implementation of CtxldxInc calculation with reference to the coded SEs in
unit CS; is challenging because of the irregular access to the coded SE of neigh-
boring BPMB for different types of SE. The SW-oriented derivation process of
coded SEs of neighboring BPMB specified in the H.264/AVC standard [ISO/IEC
14496-10] can be described in the following steps:

S1. For the processed bin, the category of the SE is identified first whether the SE
is of MB, partition, or block;

S2. The neighboring reference BPMB is derived in a complex procedure by first
locating a neighboring pixel on the left or top of the top left pixel of current
processed position, and then deciding which block, partition, or MB the located
pixel belongs to;

S3. The SE of neighboring block, partition, or MB is accessed from the memory and
used for CtxldxInc calculation. The SW-oriented BPMB derivation is compli-
cated and not suitable for HW design targeting fast access and high throughput.
In order to complete the derivation of neighboring BPMB, access of coded SE
of the BPMB, and the calculation of CtxldxInc in single cycle with constrained
critical path length, a scheme of storage and fast access of coded SEs of neigh-
boring BPMB is proposed as follows. Figure 5.2 illustrates the basic concept of
the scheme.
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Fig. 5.2 Reference MBs on top and left of current MB, and storage of 3 categories of coded SEs
(MB, 8x8 sub-MB, and 4 x4 block) in the referenced BPMB of the current and referenced MBs

As shown in Fig. 5.2, the coded SEs of variable types of BPMB are stored in
3 levels: MB level, 8 x8 sub-MB level, and 4 x4 block level. The classification is
based on the minimum size of BPMB of the coded SE:

e MB level: For the SEs including MB type, CBF of DC coefficient block, CBP,
QP delta, intra chroma prediction mode, the minimum size is 16x 16 and the SEs
are classified to MB level and stored one SE per MB.

e Sub-MB level: For the SEs including reference index and prediction direction, the
size of BPMB can be 16x16, 16x8, 8x16, and 8x8, based on the partitioning
mode of MB. As the minimum size of BPMB is 8 x8, the SE is stored for each
8x8 sub-MB partition of the BPMB that can be accessed in IC calculation of
following SEs of same type. For example, for a BPMB of size 16x8, 2 copies
of SE values need to be stored for the corresponding two 8 x8 sub-MBs in the
BPMB.

e Block level: For the SEs including MVD, CBF of AC coefficient block, and CBF
of luma coefficient block of non-Intral6x16 MB, the minimum size of BPMB
is 4x4, and coded SE values, are stored for the 4 x4 blocks in the BPMB that
can be further accessed in IC calculation. Although BPMB size of MB/sub-MB
partition of MVD is in the range of 16x 16 to 4x4, MVD is stored in the unit of
4 x4 block.

In the reference MBs on the top and left of current MB, the SEs of MB level are
all stored. For the SEs of sub-MB level and block level, only the coded SEs of the 4
blocks and 2 sub-MBs on the neighboring edge of current MB can be accessed and
need to be stored. In the IC sub-unit of unit CSy, the necessary SEs of 3 levels in
the reference MBs are prepared before coding of current MB, while the coded SEs
of current MB are stored for the MB, sub-MBs, or blocks based on which level the
SE is classified to. Although more than one copy of SE value can be stored for the
SEs of sub-MB level or block level including MVD, reference index, and prediction
direction, access to the coded SE is much more efficient in circuit complexity and
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processing speed (throughput x clock frequency) for HW design, compared to SW-
oriented procedure aforementioned.

5.1.1.1 Fast Access of Coded SEs of Neighboring Block or Sub-MB

Fast access scheme of the neighboring coded block or sub-MB of the IC sub-unit is
illustrated in Fig. 5.3. For block-level SE, a 4-bit block index of the SE is provided
for input SE packet. The range of block index is from O to 15, with the higher 2 bits
indicating one of the four 8 x8 sub-MBs in the MB, and the lower 2 bits indicating
one of four blocks in the sub-MB. The 4 blocks of left-referenced MB are indexed
from 16 to 19, and the 4 blocks of top-referenced MB are indexed from 20 to 23.
The derivation of block index of left and top block of current block is based on
the combinational circuit implementation of LUT. The LUT of block index can be
derived from Fig. 5.3a, as shown in Table 5.1. The 4-bit index of current block is
mapped to 5-bit index of neighboring block in the range of 0 to 23, with MSB (most
significant bit) indicating whether the block is in the current MB or neighboring
coded MB.

Fig. 5.3 Fast access of Top ref MB < Left ref block
neighboring coded block and 20|21 |22 2 Tob ref block
sub-MBs. (a) Access of 40 A A 43 ? op ref bloc
neighboring luma 4 x4 16 (‘)4_ 1‘ “14_ é
blocks, and (b) access of A A A A Top ref MB
neighboring 8 x8 sub-MBs z 17+ od- ‘3+ 647 6 | 7
and chroma 4 x4 blocks of 5 A | A ]l A | A A 14
. = I I I I
4:2:0 sampling format £ 184 g€ 9d124€13 g 4€¢ 0« 1
ST s e
1941041414415 g 5<|- 243
Index of luma 4x4 blocks of Index of luma 8x8 sub-MBs or
one MB (0~15), chroma 4x4 blocks of one MB (0~3)
Index of reference blocks of Index of reference sub-MBs or
neighboring MBs (16~23) blocks of neighboring MBs (4~7)
(a) (b)

For the 8x8 sub-MBs and chroma 4 x4 blocks of the 4:2:0 sampling format of
the Main profile of H.264/AVC, the index of block or sub-MB of current MB is from
0 to 3, as shown in Fig. 5.3b. The two sub-MBs or blocks of the left-referenced MB
of current MB are indexed with values 4 and 5, while the two of top-referenced MB
are indexed with values 6 and 7. As shown in Table 5.2, the fast LUT of 3-bit index
of neighboring sub-MB or block can be implemented based on the 2-bit index of
the current MB. The LUT can be derived from Fig. 5.3b, and is implemented as the
combinational circuit to reduce access time.

In one special situation of CtxIdxInc calculation, it is necessary to access coded
SE of 8x8 sub-MB that contains the neighboring 4 x4 block on the left or top of
current 4 x4 block. The sub-MB index can be derived in two steps:
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Table 5.1 Fast table lookup of block index of neighboring block on the left or top of current block
for block level SE processing

Left block Top block Left block Top block
Current Current
block Current Current  block Current Current
index Index MB Index MB index Index MB Index MB
0 16 0 20 0 8 18 0 2 1
1 0 1 21 0 9 8 1 3 1
2 17 0 0 1 10 19 0 8 1
3 2 1 1 1 11 10 1 9 1
4 1 1 22 0 12 9 1 6 1
5 4 1 23 0 13 12 1 7 1
6 3 1 4 1 14 11 1 12 1
7 6 1 5 1 15 14 1 13 1

Table 5.2 Fast table lookup of block/sub-MB index of neighboring chroma block/8 x8 sub-MB
on the left or top of current block/8 x8 sub-MB

Left block/sub-MB Top block/sub-MB
Current
block/sub-MB index  Index Current MB Index Current MB
0 4 0 6 0
1 0 1 7 0
2 5 0 0 1
3 2 1 1 1

e Decide whether neighboring block locates in current sub-MB or neighboring sub-
MB, based on the lower two bits of 4-bit block index of current block and left/top
direction of neighboring block.

e If the block is in current sub-MB, the derived sub-MB index is 2 higher bits of
block index of current block; Otherwise, the sub-MB index is looked up in the
LUT (Table 5.2) based on 2 higher bits of block index of current block.

To accelerate access of coded SE in this situation, a fast LUT is established using
2 two-step derivation, and implemented as combinational circuit in IC sub-unit to
accelerate sub-MB locating and SE access. The LUT is shown in Table 5.3, in which
input to the LUT is the current block index, and output is sub-MB index of the
neighboring block.

Block level and sub-MB level SEs of current MB and neighboring reference MBs
are stored in registers of the blocks and sub-MBs indexed in Fig. 5.3a, b. During
CtxldxInc calculation of block/sub-MB level SE in unit CS, fast access of reference
SEs of neighboring block/sub-MB is implemented through index lookup on the LUT
and direct read of SE value from local registers, instead of complicated calculation
and memory access of SW-oriented procedure.
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Table 5.3 Fast table lookup of sub-MB index of neighboring block on the left or top of current
block based on current block index

Sub-MB index Sub-MB index

Current block Current block

index Left block  Top block index Left block  Top block
0 4 6 8 5 0
1 0 6 9 2 0
2 4 0 10 5 2
3 0 0 11 2 2
4 0 7 12 2 1
5 1 7 13 3 1
6 0 1 14 2 3
7 1 1 15 3 3

5.1.1.2 Storage of Coded SEs of Reference MB

The storage of codes SEs of the top- and left-referenced MBs are shown in Table 5.4.
A total of 141 bits are allocated for top- or left-referenced MB to store all neces-
sary coded SEs that can be accessed by IC sub-unit during CtxldxInc calculation
of current MB. QP delta of previous coded MB needs to be stored separately from
SEs of top and left MB, and it is only accessed by current MB. In order to reduce
memory storage and simplify computation in IC sub-unit, the values of several types
of SEs are not stored directly, but remapped to a small set of values represented by
fewer bits. MB type in the range of 0 to 48 is mapped to 3-bit value that classifies
7 types of MBs. Reference index, intra chroma prediction mode, and QP delta are
represented by 1 bit, indicating if the value is zero or not. MVD values occupy large
amount of storage of reference MBs and current MB, because for each 4 x4 block,
4 MVD values need to be stored. Although absolute MVD value of 11 bits is sup-
ported in the proposed CABAC encoder, it is not necessary to store all 11 bits for
each MVD Selection of context model is only influenced by MVD with small val-
ues. Therefore, 7 bits are allocated for each MVD instead of 11 of proposed scheme,
with MSB indicating if absolute MVD is less than 64 or not. The benefit is that for
each reference MB, 64 bits of SRAM storage is reduced, and the size of SE RAM
reduces by 31.2%.

As shown in Table 5.4, for SEs of block level and sub-MB level including ref-
erence index, prediction direction, and MVD, the positions of block/sub-MB of
coded SEs that are stored for top and left reference MBs are different, which is
discriminated by the index of block/sub-MB in the table. The 2-bit prediction direc-
tion is utilized to indicate if one MB/sub-MB partition is of forward, backward,
or bi-directional prediction in B slice. Although prediction direction is not coded
in the later stages of CABAC, the value is referenced during CtxIdxInc calculation
of MVD and reference index in IC sub-unit. Therefore, 2 values (2 bits each) are
stored for 2 sub-MBs of each reference MB. In the proposed scheme, local storage
of coded SEs of MB level and CBF values of DC coefficient blocks is shared for top



5.1 Context Model Selection 105

Table 5.4 Storage of coded SEs of top/left-referenced MBs

Num of Stored

Stored SE type SEs bits/SE Location of SE in MB, and usage description

MB type 1 3 3 bits to classify 7 types of MB in I, P, and B

picture

CBP 1 6 6 bits for 4:2:0, 4 bits for luma 8 x8 sub-MB,

2 bits for chroma 8 x8 sub-MB

IntraChroma 1 1 Indicate if intra chroma prediction mode is of
prediction DC mode or not

Reference index 2x2:4 1 Top Forward/backward direction, 2 of

(f/b) 8x8 sub-MBs of index 2 and 3 at

MB bottom, 1 bit indicates
reference index is 0 or not
Left Sub-MBs w/index: 1 and 3
Prediction 2 2 Top 2 of 8x 8 sub-MBs w/index 2 and
direction 3 at MB bottom
Left Sub-MB index: 1 and 3
MVD component 4x4:16 7 Top For the 4 of 4 x4 blocks of index
(f/b and x/y) 10,11,14,15 at bottom of MB, 4
MVD components per block for
forward/backward directions, x/y
components
Left 4 blocks with index 5,7,13,15

CBF (DC) 3 1 1 for DC of luma of 116 MB, 2 for DC blocks

of chroma (Cb and Cr)

CBF (AC & non- 8 1 Top 4 bits for luma 4 x4 blocks of
intral6x 16 index 10, 11, 14,15; 4 bits for
luma block) chroma 4 x4 blocks (2 of Cb and

2 of Cr of index 2 and 3) at MB
bottom

Left Luma block w/ index: 5,7,13,15,
and chroma block w/ index: 1, 3
on the right side

Total stored bits/MB IXx3+1x6+1x 144X 14+2x2+16x7+11x 1 = 141 bits

QP delta 1bit/MB, indicating if QP delta is O or not

and left reference MBs, so that 13 bits of registers can be reduced in IC sub-unit.
This part of SEs are stored in the local registers of left reference MB first, and then
moved to SE RAM of top reference MBs.

5.1.2 CtxldxInc Calculation (IC) of Unit CS;

CtxldxInc calculation (selection of context model) of unit CSj is implemented in the
IC sub-unit, which parses each input packet of CABAC encoder, stores coded SE
values in local register buffers, calculates the 3-bit CtxldxInc with reference to the
coded SEs of neighboring BPMBs, and writes CtxldxInc values into FIFO2, which
will be accessed by unit BS&CS, of Block 1. As shown in Fig. 4.7, additional
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Fig. 5.4 Functions of IC CixldxInc Calc (IC) sub-unit

sub-unit of unit CS1 _ nonRes SE =
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parameters are provided in input packets to assist processing of block/sub-MB level
SEs, including block/sub-MB index, partition category, block category, etc. that are
used to locate SE in the current MB, and provide storage position of coded SEs.

Different processing routes of IC sub-unit are illustrated in Fig. 5.4, including
CtxldxInc calculation of several types of non-residual SE, CtxldxInc calculation of
residual block (CBF), backup and restoration of the state of coded SEs in RDO-
on coding mode, and End-of-MB process triggered by MB end flag. RDO related
operations will be discussed in 5.4. Multi-cycle CtxIdxInc calculation is proposed
in [Liu07a], in which 4 cycles are required to access codes SEs of top- and left-
referenced BPMBs and 1 more cycle to select context model. Compared to [Liu07a],
single-cycle CtxldxInc calculation is achieved in the IC sub-unit of the proposed
CABAC encoder for all types of SEs, which avoids the situation of CABAC encod-
ing pipeline stall caused by the access of coded SEs of neighboring reference
BPMBs, and ensures constantly high throughput of CABAC encoding. The func-
tions of CtxldxInc calculation and storage of coded SE values of different SE types
are discussed separately.

5.1.2.1 CtxIdxInc Calculation of Different SE Types

Input packets of CABAC encoder are buffered in FIFO1 of Block 1. Read access
of FIFO1 is controlled by unit BN of Block 1, while each packet is also sent to and
parsed in unit CS when it is read out from FIFO1. Packets are classified to different
types of SEs or control parameters according to packet identification bits.

During CtxldxInc calculation of IC sub-unit, required parameters for different SE
types are diversified, as listed in Table 5.5. For most types of SEs processed in IC
sub-unit (excluding QP delta), coded SEs of the two neighboring reference BPMBs
(on the top and left of current BPMB) need to be accessed from local SE buffers
of IC sub-unit. For the neighboring coded SE values of block/sub-MB level, index
of BPMB (block/sub-MB) is decided through table lookup according to the index
of 8x8 sub-MB (B8 index) and/or 4 x4 block (concatenation of B8 and B4 index)
from input packets, as shown in Fig. 4.7. Three LUTs aforementioned are utilized
to derive index of neighboring reference block/sub-MB for the access of reference
SEs, with utilization of combinational circuits.
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Table 5.5 Parameters of reference BPMBs required for CtxldxInc calculation of different types of
SEs

SE type Description of required parameters for Ctx/dxInc calculation

MB type Reference MBs: MB availability, MB type

Skip Reference MBs: MB availability, MB skip

QP delta Reference MB (previous MB): MB type, QP delta, CBP

Intra chroma Reference MBs: MB availability, MB type, intra chroma prediction

prediction mode mode

CBP Luma (4 bins for non-P8 x 8 mode, 1 bin for sub-MB of P8 x8 mode):
reference sub-MBs: MB availability, MB type, CBP bit of sub-MB
(Table 5.2)

Chroma (2 bins): reference MBs: MB availability, MB type, CBP
chroma value

MVD Reference blocks: MB type, MB availability, MVD value (Table 5.1),
predict direction of sub-MB of reference blocks (Table 5.3)
Reference index Reference sub-MBs: MB type, MB availability, slice type, prediction
direction (Table 5.2), reference index (Table 5.2)
CBF DC block Reference MBs: MB type, MB availability,
CBF of DC block
Other category Reference blocks: MB type, MB availability,

CBF of reference block (Table 5.1 for CBP
luma, Table 5.2 for CBP chroma)

Additional required parameters of each neighboring reference BPMB are listed
in Table 5.5, including MB type and MB availability of reference BPMB. If refer-
ence BMPM is located in neighboring MB, MB availability is derived based on the
position of current MB. Top reference MB is not available if current MB is in the
first row of coding frame, while left reference MB is not available if current MB is
in the first column.

In IC sub-unit, the 3-bit CtxldxInc is calculated based on SE values and other
parameters obtained from reference BPMBs and parameters of current SE parsed
from input packet. The calculation of each type of SE is implemented as combi-
national circuit. For the calculation that needs to access coded SEs of top and left
reference BPMBs, SE access of two BPMBs are executed in parallel to reduce criti-
cal path length. For the calculation of non-residual SEs, CtxIdxInc is calculated and
written to FIFO2 in the same cycle when the input packet is parsed. For CBP pro-
cessing of non-P8x8 MB (4:2:0 video format), 6 CtxldxInc values are generated
from single input SE packet in 6 consequential cycles including 4 for CBP luma and
2 for CBP chroma. For MB of P8 x8 mode, CBP bit of each 8 x8 sub-MB is input
separately with sub-MB index concatenated in the same packet, and one CtxldxInc
is generated. For the calculation of residual SEs, only CBF of each 4 x4 block is pro-
cessed in unit CS;. According to the block index and 3-bit residual block category
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of EOB (end of block: indicating the last packet of one residual block) packet of
residual block, CtxldxInc of CBF is calculated. The critical path of IC sub-unit is in
the combinational circuit of CtxldxInc calculation of MVD, which consists of two
sequential table lookup operations, one 6-bit addition, and 7-bit comparison, and
several other bitwise operations. Calculation of MVD is more complex as the con-
text model is selected based on the evaluation of sum of two absolute MVD values
of neighboring BPMBs.

5.1.2.2 Storage of Coded SE Values During CtxIdxInc Calculation

During Ctxldninc calculation of IC sub-unit, SE value parsed from input packet
needs to be stored in local buffer and SE RAM if the value can be further referenced
during CtxldxInc calculation of current MB or following MBs in the same slice. SE
type, number and position of SEs, and number of bits per SE of each type of SE to
be stored in the top and left reference MBs are discussed previously in Table 5.4. For
several types of SEs with large data range of SE values including MB type, MVD,
reference index, etc., original SE values are classified and remapped to smaller data
set to reduce storage size of code SEs in local buffers and SE RAM. Storage oper-
ations of several types of SEs including MB type, MVD, CBF, etc. are discussed
briefly in this section.

Values of MB type are classified into 7 categories as shown in Table 5.6, includ-
ing 3 categories for intra MB (Intra4 x4, Intral6x 16, and I_PCM), 2 categories for
inter MB (P88 and Skip), 1 for B slice (Direct), and 1 for other types of inter
MB. During parsing and processing of MB type and sub-MB type, 2-bit prediction
direction (forward, backward, and bi-direction) of each 8 x8 sub-MB of inter MB is
stored. For MB type of Intral6x 16 in I, P, and B slice, 6-bit CBP value is derived
from MB type value through table lookup of a small 6-entry LUT, while for other
types of MB, CBP is parsed and stored from packets of CBP or CBP bit.

Table 5.6 Classification of MB type and stored values of MB type

3-bit Stored

MB type value Descriptions

Intrad x4 (14) 0

Intral6x 16 (116) 1

1_PCM 2 Intra-coded MB in I, P, and B slices

P8x8 3 In P and B slice, when MB partition mode of 8 x8 or
smaller partition is selected

Skip 4 In P and B slice, based on coding value of MB skip flag
before MB type coding

Direct 5 MB type only in B slice coding
Other types 6 Inter-coded MB in P and B slice, excluding P8 x 8
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Table 5.7 Numbers and positions of blocks that need to store coded MVD of different MB/sub-
MYV partition modes

Num of Sub-MB Num of

MB partition blocks partition blocks

mode stored Block index mode stored Block index

16x16 7 of 16 5,7,10,11,13,14,15 8x8 30f4 All exclude
top left
block

16x 8 Top 30f8 2,57 8x4 20f2 All

16x8 50f8 10,11,13,14,15 4x8 20f2 All

Bottom

8x 16 Left 30f8 1,10,11 4x4 lofl All

8% 16 Right 50f8 5,7,13,14,15

For the SEs of block/sub-MB level, only the SEs of blocks/sub-MBs located on
the right edge and bottom edge of current BPMB need to be stored, because SE of
other block/sub-MB can not be referenced during processing of following BPMBs
of current MB or following MBs. As shown in Table 5.7, for MB partition mode
including 16x 16, 16x8, and 8x 16, and sub-MB partition mode 8 x8, MVD vec-
tors (forward/backward, x/y) of current BPMB are only stored in part of blocks.
Dynamic power consumption of MVD processing can be saved when power
reduction technique is applied to unit CS;.

Storage of CBF of each residual block is triggered by the parsing of EOB packet,
and CBF value is located from buffer based on 4-bit block index and 3-bit block cat-
egory, which classifies block of luma DC coefficients, luma AC coefficients, luma
coefficients of non-Intral6x 16 MB, chroma DC coefficients, and chroma AC coef-
ficients. In the local buffer of IC sub-unit, 49 bits are allocated to buffer CBF values
of current MB and 2 reference MBs, including 9 bits for CBF of DC blocks (3 for
current MB), 24 bits for luma blocks of non-Intral6x 16 MB (16 for current MB);
and 16 bits for chroma AC blocks (8 for current MB).

5.1.2.3 End-of-MB Process

The last input packet of each MB is defined as MB end flag for the proposed encoder.
End-of-MB process of IC sub-unit is timing efficient. When the MB end flag is
parsed in unit CSy, the design supports that the input packet of next MB to be
received and processed in the next cycle. Two operations of End-of-MB process
are triggered in IC sub-unit simultaneously, including (a) loading of coded SEs of
next top reference MB from SE RAM output, and (b) loading of coded SEs of next
left reference MB from local buffer of current MB. The coded SE buffers of top and
left MB are loaded for the next MB in single cycle, and operation delay of coded SE
loading is minimized compared to the reported CABAC decoder design [Chen0O5].
During processing of current MB in [Chen05], it takes 96 cycles to load SEs of top
reference MB from RAM for the next coding MB and write coded SEs of previous
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MB to RAM. Limitation of such scheme is that, RAM access frequency and related
power consumption is high, and for the situation that the coding MB only contains a
few packets, such as Skip MB, CABAC encoding stalls until data transfer between
RAM of coded SE and context model selection module completes. Compared to
[Chen05], the situation is avoided in the proposed encoder design.

5.1.3 The Memory Access (MA) Sub-unit of Unit CSj

Coded SEs of top reference MBs are stored in SE RAM of Block 1. 141 bits are
allocated in SE RAM to store coded SEs for each MB that can be referenced during
MB coding. All 141 bits of one MB are stored as one word of RAM to enable
single cycle read/write RAM access. Word number of SE RAM is proportional to the
horizontal definition of coding picture, as coded MBs from top-right MB of current
coding MB will be referenced as top reference MBs in further coding procedure. In
HDTYV 720p video format, each row of MBs of picture contains 80 MBs. In order to
support HDTV 720p, 78 words are allocated in SE RAM with another 141-bit output
buffer at RAM interface. It is designed as single-port RAM supporting sequential
read and write access, as circuit area is small and SE RAM is not frequently accessed
in the proposed coded SE access scheme.

MB processing flow of MA sub-unit and IC sub-unit are shown in Fig. 5.5. MA
sub-unit is only active in the first 3 cycles of processing procedure of one MB.
The process of MB; is shown in the figure. In Cycle 1, after parsing MB end flag
of MB;_1, MA sub-unit requests to read coded SEs of top reference MB of MBi4
from SE RAM, while IC sub-unit is triggered for the End-of-MB process including
update of SE values of top and left reference MBs of MB;. In cycle 2, MA sub-unit
writes a single packet of 141 bits of coded SEs of MB;_; to SE RAM, while IC
sub-unit starts MB processing procedure including input packet parsing, CtxldxInc
calculation, and storage of coded SEs of MB;. In cycle 3, MA sub-unit updates
RAM address for the read of MBj;,> and write of MB;. After the first 3 cycles, MA

Processing of MB; in unit CS;

Memory Access (MA) sub-unit

RAM Read req: top RAM Write: Update next RAM -

> MB SEs for MB;, | SEsof MB;_ > access address d
‘ffnd End
Igfg @ cyel @ cyc2 ® cyc3 flag

of
MB; Store top MB SEs MB;
5| from RAM buf & Ctxldxinc calc & coded SE update for MBN
Update SEs of left > > >
ref MB of MB;

CtxldxInc Calc (IC) sub-unit

Fig. 5.5 MB processing in MA sub-unit and IC sub-unit of unit CS;
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sub-unit is idle, while IC sub-unit continues processing following packets of MB;
till the end flag of MB;.

One example of 3-cycle MB processing scheme of MA sub-unit is shown in
Fig. 5.6. N is MB row number. M is number of MBs in the horizontal direction
of coding picture (M is 80 in HDTV 720p video format). MB;; denotes MB with
index j in row i. MBs of row N are processed sequentially. In cycle 1, the end flag
of MBn M2 is parsed in unit CS;. At the end of MBnM-2 processing, MBs from
MBn o to MBn,M-3 are stored in M-2 words of SE RAM, MB n_j M- is already
read to the output buffer of SE RAM, and SE RAM is addressed at the word of
MBn,o. The operations of MA sub-unit in cycle 1 include: storing MBn_j m-1 of
RAM output buffer to the top reference MB of MBnMm-1 and reading the word of
MB no to RAM output buffer. In cycle 2, the word of MBy o is stored to RAM
output buffer, which will be referenced during MBn. o processing; and MA sub-
unit writes the coded SEs of MBn M- to the RAM and overwrites the word of

First 3 cycles in unit CS,, after
OO receiving end flag of one MB

M: Number of MBs in horizontal
direction of coding picture

N: Row number of MBs in picture N-1 | N-1 | Row N-1
M-2 M-1 of MBs
N N N N N _|y N | RowN
0 1 2 M-3 M-2 M-1 of MBs
N-+1 N-+1 Row N+1
0 1 of MBs
= Y oor—-0
Store coded SEs to local regsp) | N ' N | Write coded SEs of MB
as left ref MB of MB Ny.y  «—1_M2 | : M : Np.oto SE RAM, for top
—7~— ref MB
v e — Storage of M-2 words of top -~ _/ [ , r
H ref MBs in SE RAM 3N
N N N N N
0! 1 2 | M3 M2
[}
. Sams WA agaress of SE RAM — SE RAM:
® >Storage of
@ Read request of MB Ny RAM address coded SEs
i increase 1 of top ref
I N | MBs
I o | Store coded
T fEm ] i @, e
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Output — i to local regs
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Fig. 5.6 Operations of MA sub-unit in the first 3 cycles of MBn, m—1 processing
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MBno. In cycle 3, SE RAM address increases 1 in MA sub-unit, which points to
the word of MBy; that will be accessed after MBn p-1 processing.

The benefits of SE RAM access scheme of MA sub-unit includes: (a) RAM
access frequency and related dynamic power consumption of SE RAM is mini-
mized compared to the other designs [Chen05, Liu07a] that support context model
selection of unit CS;, because the RAM is read and write only once per MB; (b)
compared to [Chen05], RAM size is reduced with the proposed RAM read and write
access order, and only M-1 words of reference MBs need to be stored in SE RAM
including that of output buffer; (c) allocation of RAM output buffer and schedule of
reading next top reference MB during processing of current MB insure that no delay
of coded SE access will occur between processing MBs, and throughput of CABAC
encoding is not influenced by the access of coded SE, compared to [Liu07a]; (d)
RAM access control is simplified, as addresses of RAM read and write operations
are identical in cycle 1 and cycle 2 of MA sub-unit.

5.2 Unit CA: Efficient Context Model Access

For each regular bin of CABAC encoder, one context model must be read from
context RAM to provide MPS value and probability index of LPS of the bin. Each
accessed context model is updated according to bin value and written back to con-
text RAM in order to be adaptive to the change of MPS/LPS probability. Scheme of
single context model access is adopted in most reference designs [Ha05, Shojania05,
Li06a, Nunez06, Chen07b, Liu07a], in which one context model (7 bits) is fetched
from RAM each time according to Ctxldx of regular bin. Although memory con-
trol logic of single context model access is simple, RAM access frequency and
related dynamic power are high, which significantly increases power consumption
of CABAC encoder, as discussed in [Kuo06]. Moreover, control logic of context
model access is complex, because parsing of multiple 9-bit RAM addresses is
required to decide whether context model should be read from RAM or local buffer,
and critical path of CA can not be reduced efficiently.

5.2.1 Context Line Access and Local Buffering

In this book, an efficient context model access scheme is proposed and implemented
in unit CA, as shown in Fig. 5.7. Before design of unit CA, computational and
data transfer complexity analyses have been performed on a reference CABAC code
[HoO06], and it is found that memory accesses in CABAC entropy coder (as opposed
to CAVLCQ), increases by 20-44% for RDO-off mode, and a higher of 104—115% for
a RDO-on mode. Therefore, the use of multi-level memory hierarchy is suggested.
Instead of using single context model access scheme adopted in [Ha05, Shojania05,
Li06a, Nunez06, Chen07b, Liu0O7a], the proposed CABAC encoder accesses the
context models of context RAM by context lines, each of which contains eight 7-bit
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Fig. 5.7 Architecture of unit CA with pipelined context line access and local buffering scheme

context models. Two context line buffers are allocated in unit CA to buffer the con-
text models read from context RAM. The difference from the cache-based context
access in [Kuo06, Osorio06] is that, any context line, which contains the required
context model, is pre-fetched from RAM before the context model is used. The
situation of cache miss will not occur in this design.

In Fig. 5.7, the 9-bit CtxIdx of input bin packet of regular bin is separated into
context RAM address (higher 6 bits of Ctxldx), and context line address (lower 3
bits of Cixldx) in unit CA. Context line is accessed from RAM and updated in a
4-stage pipeline. Context RAM address parsed from input packet is used to locate
one context line in the context RAM. It is buffered in 4 pipeline stages in unit CA
for RAM read and write access. Before one context line is read from context RAM,
the corresponding context RAM address is buffered in 2 cycles (2 stages). Context
line address parsed from input packet is used to locate one of 8 context models in
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the context line. It is buffered in 3 pipeline stages before it is used. As shown in
the figure, two context line buffers CtxLine_bufl and CtxLine_buf2 of unit CA can
buffer 16 different context models during CABAC encoding. The 6-bit pStateldx of
selected context model from CtxLine_buf1 is used to prefetch 4 possible sub-Range
values of LPS bin (Rangey ps, 8 bits) for unit AR through a 64-word x32-bit LUT.
The pStateldx of context model is updated through table lookup based on whether
the bin is MPS or LPS. The two 64-wordx 6-bit LUTs of MPS bin and LPS bin
are implemented as combinational circuits. Coding bin, bin type, and RDO control
parameters parsed in unit CA are buffered in several stages and output to unit AR
and unit BP. For regular bin, 1-bit decision of whether the bin is MPS is output to
unit AR instead of the value of bin.

RAM access frequency of the proposed scheme is significantly lower compared
to that of single context model access scheme. A context line needs to be read
from context RAM and buffered in CtxLine_bufl only when the accessed context
model is not located in the two context line buffers, in which situation the content
of CtxLine_buf2 is written back to context RAM. Since the context models of the
same SE type are located in proximity in the context RAM, and in many situations,
context models consecutively accessed are located in the same or neighboring con-
text line, the frequencies of RAM read and write access can be significantly reduced
with the context line access and buffering scheme, especially during the processing
of residual SE such as SCF, LSCEF, and abs_level.

5.2.2 Context RAM Access Scheme Supporting RDO-on Mode

In RDO-on coding mode, the state of context models in the context RAM needs to
be restored to the previous state after testing one RDO mode. One scheme to support
RDO-on coding is to store context line and the corresponding context RAM address
into a FIFO buffer before the context line is updated during RDO coding, and restore
the updated context lines of context RAM after RDO coding according to the stored
context RAM addresses of the context lines. However, in non-P§ x8 RDO coding,
large number of context lines can be accessed. Thus, large FIFO buffers are required
to backup the original state of context lines, and operation delay is not avoidable
to restore of state of context RAM from FIFO buffer. Because context RAM is
accessed by context line, delay of context state restoration can be reduced compared
to the scheme in [Nunez06]. In this book, a more efficient context RAM access
scheme is adopted in the design of unit CA with no operation delay in non-P8x8
RDO coding, as shown in Fig. 5.8.

In RDO-off mode, context models are stored in and accessed from Normal RAM.
During RDO-on coding, Temp RAM, which is identical to Normal RAM, stores the
updated context lines while Normal RAM keeps the original context lines. During
coding of each RDO mode, if the context line is not accessed previously, it is read
from Normal RAM, while updated context lines are stored to and accessed from
Temp RAM. During non-P8x8 RDO coding, because Normal RAM is unchanged,
context state restoration operation is not needed, and the operation delay is removed.
In order to identify which context lines have been accessed during coding of one
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Fig. 5.8 Architecture of memory access control of unit CA in both RDO-off and RDO-on mode

RDO mode, a 53-bit dirty list is allocated in unit CA and controlled by a dirty bit
update logic. Each bit of the dirty list records whether the corresponding context
line is updated. One context line is read from Normal RAM only if the dirty bit of
the context line is 0.

In non-P8 x8 RDO coding, because the updated context lines of Temp RAM will
not be further used after coding of current RDO mode, it is not needed to write
the two context lines that are buffered in unit CA to Temp RAM when the con-
text line access of current RDO mode completes. Therefore, context RAM write
frequency can be reduced in non-P8 x8 RDO coding for the proposed context line
access scheme.
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During P8 x 8 sub-MB mode decision of RDO-on mode coding, the updated con-
text lines of one RDO mode need to be stored, if the mode is currently the best
mode of sub-MB. Therefore, a small 11-wordx6-bit RAM named Address list is
allocated to store the context RAM address of each updated context line. Address
list is accessed by Block 3 during operations of context state backup and restoration
of P§x8 RDO coding.

5.2.3 Context Model Reallocation in Context RAM

In order to further reduce memory access frequency, context models in the context
RAM are reallocated, as illustrated in Fig. 5.9. In the cache-based designs [Kuo06],
context RAMs are also reallocated to enhance cache hit probability. In the proposed
scheme, reallocation aims at enhancing the efficiency of context-line-based context
model access. The context model allocations of different SE types are adjusted in
the context RAM, compared to the original allocation in Table 9.11 of the standard
[ISO/IEC 14496-10]. The objective is to allocate the context models of the same SE
type in one context line to avoid unnecessary RAM access. For the SE type with
over 8 context models, such as SCF, LSCF, and level, 2 context lines are allocated.

0 [mbtype | 216 | SCF_3

8 |mbtype B 224 ﬁ
16 | mbtypeP 232 | LSCF_3

24 | cbp_chroma 240 | field
32 | mvdo i 248 | SCF_4 | LSCF_4
40 | mvdi e 256 | SCF_5

48 | qp_delta cbf_3 264

56 | cbf_1 cbf 2 272 | LSCF_5

64 | cbf 4 cbf 5 280

72 | level_1 288 | fld_SCF_1

80 [ mb_skip P | mb_skip B 296

88 | level_2 304 | fld_LSCF_1

9 [ ref_idx 312

104 | level_3 320 | fld_SCF_2

112 [ cbp_luma A 328

120 | level_4 336 | fld_LSCF_2

128 | sub_mbtype P[ sub_mbtype B 344

136 | level_5 352 | fld_SCF_3

144 [ intra_chr_pred 360

152 | SCF_A1 368 | fld_LSCF_3

160 376

168 [ LSCF_1 384 [ fid_SCF_4 [ fid_LSCF_4

176 392 | fld_SCF_5

184 | SCF_2 400

192 [intra_pred| 408 | fid_LSCF_5

200 | LSCF_2 416

208 LSS

[ ][ ]: Context model
Dummy context model

Fig. 5.9 Reallocation of context model in context RAM (Normal RAM). Context models of
Normal RAM are illustrated as two continuous parts in the figure
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53 context lines (424 context models) are allocated in the context RAM with only
6.8% dummy context models inserted.

5.3 Context State Backup and Restoration in P8 x§ RDO Coding

As introduced in 0, during CABAC coding of RDO-on mode, different MB coding
modes are tested, including Skip, intra modes including Intral6x 16 and Intra4 x4,
inter modes including Direct, P16x 16, P16x8, P8x 16, and P8x8, etc. The best
mode is selected that achieves lowest rate-distortion cost. During RDO MB mode
selection, CABAC encoder is adopted to calculate coding rate (length of output bit
stream) of each testing mode by encoding the SEs of the mode. Context state (state
of context models in context RAM) needs to be restored to a previous state before
testing of the next RDO mode. During RDO-on coding, large number of context
models need to be frequently backed up or restored when RDO modes change. It
causes long delay, and requires large amount of backup memory resources. With the
aforementioned context access scheme of unit CA, the updated context models are
stored in Temp RAM and context state of Normal RAM is not changed during non-
P8x8 RDO coding. Therefore, it is not needed to backup and restore context state
during non-P8 x8 RDO coding, and the no operation delay is removed, compared to
[Nunez06].

However, during P8x8 RDO coding, the best partition mode of one 8x8 sub-
MB is selected from the modes of 8x8, 8 x4, 4x8, and 4x4. During RDO mode
decision of one sub-MB, context state needs to be restored to the state before testing
of current sub-MB, after testing of each sub-MB partition mode. After testing all
modes of the sub-MB, context state needs to be set to the state of best mode, which
is the original state of next sub-MB of current MB. After processing of all 4 sub-
MBs of P8 x8 RDO coding, context state needs to be restored to the original state
of current MB (the context state after RDO-off coding of previous MB). Because of
the context state coherence of adjacent 8 x8 sub-MBs during P8 x8 RDO coding, it
is indispensable to implement mechanisms of context state backup and restoration,
compared to non-P8x8 RDO coding. In this design, it is found that a maximum
of 11 context lines can be modified during P§x8 RDO coding of the Main pro-
file of H.264/AVC. Three small RAM blocks of depth of 11 including Address list
(11-word x 6-bit), Best RAM (11-word x 62-bit), and P§ x8 RAM (11-word x 62-bit)
are utilized to store intermediate context states, including (a) addresses of the con-
text lines accessed in each RDO mode stored in the Address list, (b) addresses and
context lines of best P8 x8 coding mode stored in the Best RAM used to update
Normal RAM, and (c) addresses and context lines of original context state stored
in the P§x8 RAM used to restore Normal RAM to the original state after P§x8
RDO coding. The CA dirty list in unit CA and P8 x8 RDO dirty list in Block 3 are
updated and referenced during RDO-on coding and RDO operations of context state
backup and restoration.

As shown in Fig. 5.10, four pipeline architectures are designed in Block 3 to
support 4 types of context state backup and restoration operations during P8x8
RDO coding with data transfer speed of 1 context line/cycle. Buffering stages of



118

Best mode
context state backup

/S Address
. list
CtxLine_Temp Addr

5 Efficient Architecture for Context Modeling in the CABAC Encoder

Addr

Best
RAM

cyc cyc cyc cyc cyc cyc
N N+1 N+2 N+3 N+4 N+5
CtxLine_Temp & Addr
Read from . =
N Read CtxLine : write to
Addr List Addr output from from CtxLine_Temp Best RAM
Update Addr List T RAM output from Updat
read addr of rLs emp Temp RAM pdate
Addr List at Addr write addr of
s Best RAM
Context state restore
from Best RAM
cyc cyc cyc cyc cyc cyc
N N+1 N+2 N+3 N+4 N+5
Read f CtxLine_Best write to
ead from Normal RAM at Add
Best RAM Output from Read CtxLine CtxLine_Norm ormal RAM at Addr
Best RAM: from Normal RAM output from Normal Chgck dirty list, write
Update Addr of CtxLine at Addr RAM CtxLine_Norm & Addr to
read addr of & CtxLine_Best P8x8 RAM at Addr
Best RAM

Context state restore
from Temp RAM

Addr

Update P8x8 RAM
write addr & dirty list

cyc cyc cyc cyc cyc cyc
N N+1 N+2 N+3 N+4 N+5

CtxLine_Temp write to

. Normal RAM at Addr
Read from Read CtxLine P i "

Addr List Addr output from from both C'X'T-'”e ngtm g°’" Check dirty list, write

Addr List Temp RAM & emp CtxLine_Norm & Addr to
Update read addr of Normal RAM P8x8 RAM at Addr
Addr List Normal RAM at Addr

Normal RAM context state
restore from P8X8 RAM

cyc cyc
N N+1
Read from .
P8x8 RAM Addr of C_thme &
Undat CtxLine
readpagder of output from
P8x8 RAM P8x8 RAM

Fig. 5.10 Four types of pipelined context state backup and restoration operation in P§x8 RDO

coding

Write CtxLine to
Normal RAM
at Addr

Update P8x8 RAM
write addr & dirty list

cyc
N

—

—

—_—

O

Addr: RAM address
CtxLine: contex line

Clock rising edge
of cycle N

RAM address ctrl
RAM data input
Buffering data

1 or more cycles
buffering



5.4 Coded SE State Backup and Restoration of Unit CS; 119

context line and RAM address are inserted to implement pipeline operations. In the
2 context RAMs and 3 small backup RAMs, 3 to 4 RAMs are involved in each
pipelined operation. Detail operations of each pipeline stage of the 4 pipelines are
shown in the figure and introduced as follows:

e Best mode context state backup: If the RDO mode is currently the best mode of
the processed 8x8 sub-MB, the modified context lines in the Temp RAM are
fetched according to the stored RAM addresses in the Address list. The modified
context line and corresponding RAM address are packed in single packet and
backed up in the Best RAM;

e Context state restore from Best RAM: After testing all RDO modes of one 8x8
sub-MB, if the context state of the best mode is stored in the Best RAM, Normal
RAM is updated by the context lines of Best RAM according to the RAM
addresses stored with the context lines. The original context lines of Normal RAM
are stored to P8x8 RAM with corresponding context RAM addresses before
Normal RAM is updated by the context lines of Best RAM. Write access of P8 x8
RAM is according to the state of 53-bit dirty list of Block 3.

o Context state restore from Temp RAM: If the best mode of current sub-MB is the
last RDO mode, the updated context state is not stored in the Best RAM, but in
the Temp RAM. Therefore, Normal RAM is updated by the context lines of Temp
RAM that are accessed in the last mode according to the addresses stored in the
Address list. Before the update, original context lines of Normal RAM are stored
in P§x8 RAM with context RAM address if the corresponding bit of dirty list
is 0.

e Normal RAM context state restore from P8x8 RAM: After P8x8 RDO coding,
the context state of Normal RAM is restored to the original state by writing back
the unmodified context lines stored in the P§ x8 RAM according to the addresses
that are packed with the corresponding context lines.

With the proposed pipelined context state backup and restoration and context
line access scheme of context RAM, the operational delay of context state backup
and restoration of P§x8 RDO coding is significantly reduced, and the context RAM
size to support is P8 x8 RDO coding is reduced to a large extent, compared to the
reference design. Performance comparison of the proposed design and reference
design will be discussed in Chap. 7.

5.4 Coded SE State Backup and Restoration of Unit CS;

In RDO-on mode coding, state of coded SEs of one RDO mode need to be backed
up if the SEs can be referenced during testing of following RDO modes of the
MB. A particular situation is P8 x8 sub-MB mode decision. Coded SEs of the best
mode (selected mode) of current sub-MB can be referenced during RDO coding of
block/sub-MB level SEs of following sub-MBs (on the right or bottom of current
sub-MB) of current MB. Compared to the context state backup and restoration of
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P8x 8 RDO coding, it is only necessary to backup part of coded SEs of one sub-MB
before the best mode is decided, and restoration of coded SE state is not required
after processing of 4 sub-MBs. Table 5.8 illustrates the SE type and number of bits
of coded SEs that need to be backed up during P8 x8 mode decision of one sub-
MB. For block level SEs including MVD and CBF, only coded SEs of right and
bottom blocks of sub-MB need to be backed up, because SEs of top left block can
not be referenced during CtxldxInc calculation of following sub-MBs. Coded sub-
MB level SEs including prediction direction and reference index are backed up for
the coding sub-MB. For the MB level SEs of CBP, single bit is necessary to record
the CBP bit of best mode of current sub-MB, and one of 4 bits of CBP is updated
after mode decision of the corresponding luma sub-MB.

Four types of coded SE state backup and restoration operations are supported,
and can be triggered by the same control parameters that also control operations
of context state backup and restoration during P8 x8 RDO coding. (a) After cod-
ing of one RDO mode, if it is currently best mode (with minimum RD cost) of the
processing sub-MB, coded SEs are backed up, including CBP bit, prediction direc-
tion, reference index, CBF and MVDs of 3 blocks of the sub-MB. (b) After all RDO
modes of the sub-MB are tested, if the last mode is not best mode and the sub-MB is
not the last of the MB, the coded SEs of best mode are restored, which were backed
up in (a). (c) After all RDO modes of the sub-MB are tested, if the last mode is the
best mode and the sub-MB is not the last of the MB, no restoration of coded SEs is
needed. (d) After processing of all four 8 x8 sub-MBs, values of CBP, CBF, predic-
tion direction, and reference index are restored to the default values before coding
of non-P8§x8 RDO modes. During P8 x8 RDO coding, if the RDO mode is not
the best mode during current sub-MB coding, coded SEs including CBF, reference
index, and prediction direction need to be restored to the default values.

During coding of other non-P8x8 RDO modes, some types of SEs need to be
restored to initial values. For instance, CBF needs to be restored after testing each
Intra4 x4 RDO mode, and in non-P8 x8 RDO inter mode, prediction direction val-
ues of sub-MBs need to be restored to default values after the RDO mode is tested.
These types of coded SE restorations are triggered by the RDO coding rate output

Table 5.8 Types, bit numbers, and usage descriptions of backup values of SEs of 8x8 sub-MB
during P8 x 8 RDO coding

SE type Num of bits Description of usage

MVD 3x4x7=84 MVDs for 3 blocks of sub-MB, excluding top left block,
forward/backward directions, x/y components

CBF luma 3 CBFs for 3 blocks of current sub-MB, excluding top left
block

CBP 1 Used in P8 x8 RDO coding, CBP bit of current sub-MB of
best mode

Pred dir 2 Prediction direction for current sub-MB

Ref index 2x1 Forward/backward direction, 1 bit each
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signal of input packet, which is sent to unit BP of Block 2 after all SE packets of the
RDO mode are processed.

5.5 Summary

In this chapter, the most complete context modeling scheme for CABAC encoder
is proposed for the context model selection and context model access in both
RDO-on and RDO-off modes. For context model selection, single-cycle CtxIdxInc
calculation of regular bin is achieved for all types of SEs, which can be attributed to
the efficiency of the proposed scheme of storage and fast access of coded SEs of cur-
rent MB and reference MBs. In addition, RAM access frequency of the coded SEs
is significantly reduced, compared to the reported designs [ChenO5, LiuO7a]. For
context model access, a pipelined context line access and local buffering scheme
is proposed, which can be significantly reduced context RAM access frequency. In
order to fully support RDO in CABAC encoder, operations of backup and restora-
tion of context state and coded SE state are implemented in the 3 functional blocks
of CABAC encoder. Coded SE state backup and restoration is only supported in
the proposed design, and context state backup and restoration is more efficient
compared to [Nunez06], with significant lower operational delay and smaller sized
context RAMs.



Chapter 6

Design of System Bus Interface and
Inter-connection of SoC-Based CABAC Encoder

As introduced in Chap. 4, one step of the SoC-based entropy coder design flow
is SoC features introduction. Design of system bus interface for the CABAC
encoder enhances portability and reusability of the design in the SoC video encoder
system. In this chapter, design of master and slave interfaces of WISHBONE
[Wishbone] system bus of CABAC encoder is discussed after the introduction of
WISHBONE system bus specifications. The crossbar system bus inter-connection
is also designed, which enables convenient integration of the proposed CABAC
encoder with other IP blocks in the H.264/AVC encoding system.

6.1 Introduction of the WISHBONE System Bus Specifications

WISHBONE system bus provides a flexible design methodology to create a com-
mon interface among the IP cores of System-on-Chip (SoC). By adopting the
standard inter-connection scheme of WISHBONE and designing system bus inter-
face of each IP core, the IP cores can be integrated more quickly and easily. The
goal of WISHBONE bus is to provide robust inter-connection that is complete com-
patible among IP cores and is not constrained the creativity of core developers or
end users.

6.1.1 Interface Signals of the WISHBONE System Bus

The simplest type of interconnection is point-to-point that directly connects one
master to one slave, as illustrated in Fig. 6.1.

The input signal of the interface is named with System reset (rst_i), and clock
signals (clk_i) are generated by the SysCon module of the WISHBONE bus and
input to all masters and slaves that are connected to the bus. For the other signals of
WISHBONE bus, output signals of master correspond to the input signals of slave,
and vice versa. The signals of WISHBONE master interface are listed in Table 6.1,
and functions of the interface signals are described accordingly.

X. Tian et al., Entropy Coders of the H.264/AVC Standard, Signals and 123
Communication Technology, DOI 10.1007/978-3-642-14703-6_6,
© Springer-Verlag Berlin Heidelberg 2011
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Table 6.1 Signals of WISHBONE master interface
Corresponding
Signals of signals
master of slave
interface Function descriptions of signals of master interface interface
rst_i Interface reset signal rst_i
clk_i Clock of WISHBONE interface clk_i
adr_o The address of WISHBONE slave adr_i
dat_o Master output data bus dat_i
dat_i Master input data bus dat_o
we_o Write/read enable signal (high logic for write, low for we_i
read)
sel_o Bit array that indicates valid data units on the data bus sel i
that master wants to send or receive data
cyc_o High logic indicates a valid bus cycle, which can cyc_i
contains multiple data transfers
stb_o Strobe output that indicates a valid data transfer cycle sth_i
ack_i Cycle termination signal from slave for the ack_o
acknowledgement of a successful data transfer
rty_i and err_i Cycle termination signal from slave indicating retry and rty_o and
error of the data transfer; the signals help to enhance err_o
robustness of data communication
tagn_i and Tag values that provide additional information of data tagn_o and
tagn_o bus, address bus, and bus cycles tagn_i
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6.1.2 Types of Bus Cycles on the WISHBONE System Bus

Data transfer on WISHBONE is implemented using two types of bus cycles: (a) the
classic bus cycles, and (b) the registered feedback bus cycles. A bus cycle is defined
[Wishbone] as the procedure whereby digital signals affect the transfer of data
across a bus by means of an interlocked sequence of control signals, and is differ-
entiated from the clock cycle of signal c/k_i. Each bus cycle contains one or several
data transfer phases.

For the registered feedback bus cycles, signals of ack_i, rty_i, and err_i are regis-
tered at the slave interface, which cost one additional wait cycle during data transfer.
However, the delay of feedback loop is significantly reduced and the cycles are
suitable for high speed applications. In addition, the WISHBONE interface that sup-
ports registered feedback cycles also supports classic cycles, and can communicate
to the interface that only supports classic cycles.

6.1.3 Comparison of WISHBONE and AMBA System Buses

Compared to the de-facto standard on SoC system bus — AMBA (Advanced
Microcontroller Bus Architecture) of ARM, WISHBONE has the following differ-
ences:

e Data bus configuration of WISHBONE is more flexible. Granularity is used to
define the minimum unit of data transfer supported by the bus interface.

e Tagging technique (user defined tag) of WISHBONE provides methodology to
modify or extend the function of system bus interface. Inter-connection config-
uration of WISHBONE IP cores is also more flexible, with multiple choices of
inter-connection modes.

e The complexity of WISHBONE system bus is lower, and the circuit area is
relatively smaller.

e WISHBONE inter-connection is loyalty free. In addition, many WISHBONE-
compatible free IPs have been developed and can be adopted to implement
particular functions in the same SoC environment.

Because of simplicity, flexibility, and loyalty free of WISHBONE, the proposed
CABAC encoder is equipped with WISHBONE system bus interfaces to enable ease
of integration with other HW IPs or host processor of H.264/AVC encoding system.

6.2 Design of WISHBONE System Bus Interfaces for CABAC
Encoder

The functions of the proposed CABAC encoder can be summarized as: (i) parsing
and encoding of SE values of input packets according to the control parameters
parsed from input packets, and (ii) output packets of coded bit stream in RDO-off
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mode coding and output coding rate of each RDO mode in RDO-on mode cod-
ing. Input packets of SE values and control parameters of CABAC encoding are
generated by the host processor during MB encoding procedure, while the output
packets of RDO coding rate need to be feedback to the host processor during RDO-
on MB coding mode decision, and coded bit stream of CABAC encoder of RDO-off
mode should be sent to the output buffer of H.264/AVC encoder. WISHBONE
interfaces are designed to support packet input and output process of CABAC
encoder. Functional partitioning and architecture of the interfaces are discussed as
follows.

6.2.1 Functional Specifications of the WISHBONE System
Bus Interfaces

Reception of input packets and outputting of coded bit-stream can be implemented
in one or two WISHBONE interfaces. For single interface design, the size of the
CABAC IP block can be reduced as the interface signals are shared by both input
and output modules, and requires single channel of the system bus. However, in each
clock cycle, either read or write operation can be performed at the bus interface. In
case that unit BP needs to output a packet and unit BN need to input a packet, one
of the two operations needs to be paused, and the throughput of CABAC encoding
pipeline is degraded. Furthermore, the system bus is occupied unnecessarily long.
The reason is that: for a single master interface design, the master cannot predict
when the next input packet will be available, and needs to keep cyc_o and stb_o high
for request to read next input packet; and for a single slave interface design, host
processor or the bit stream buffer equipped with master interface cannot estimate
when the CABAC encoder will output next coded packet, and has to occupy the bus
to keep read request.

The better functional partitioning scheme adopted in this book is to input packet
through a WISHBONE slave interface and output packet through a master interface.
Data transfer is controlled by the functional block which generates packets. Packet
input is controlled by the host processor, and WISHBONE read cycle is triggered
only when a input packet is available at host; on the other hand, packet output is
controlled by the CABAC encoder, and write cycle is triggered when a output packet
is ready in unit BP. Maximum coding throughput can be achieved in this partitioning
scheme, and system bus occupation is minimized.

6.2.2 Analysis of Support of WISHBONE Registered Feedback
Cycles

Both master and slave interfaces are designed to support registered feedback cycles
of WISHBONE system bus in order to achieve high data rate required by CABAC
encoding. The types of registered feedback cycles are identified according to the
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Table 6.2 Type of register feedback cycles of WISHBONE classified by cti_o

3-bit value of cti_o Type of registered feedback cycle
‘000’ Classic cycle

‘001’ Constant address burst cycle
‘010° Incrementing burst cycle

‘111 End-of-burst

3-bit cycle tag cti_o (cycle type identifier) generated at master interface. As shown
in Table 6.2, the four types of registered feedback cycles are classic cycle, constant
address burst cycle, incrementing burst cycle, and end-of-burst.

To enable easy integration of WISHBONE classic and registered feedback IP
cores, it is required [Wishbone] that the WISHBONE interface with registered feed-
back of termination signal (ack_i, etc.) must support classic cycle (cti_i is “000”).
Because ack_i is asserted one clock cycle after assertion of stb_o in registered feed-
back cycle, it requires 2 clock cycles to complete each data transfer for classic cycle,
and the maximum throughput is 1/2 data transfer per clock cycle.

Figure 6.2 illustrates the signals of master interface of one classic cycle in 5
clock cycles from cycO to cyc4, with two data transfers (write, and then read). Slave
interface asserts ack_i in cycl to indicate that the master dat_o will be latched at
clock edge of cyc2. Because there is no information about what master will do in
cyc2, slave negates ack_i in cyc2. In cyc2, master requires to read data. In cyc3,
slave asserts the registered ack_i, and prepares read data on dat_i. At clock edge
of cyc4, master latches dar_i and negates stb_o and cyc_o, and the classic cycle
completes.

Throughput of constant address burst cycle and incrementing burst cycle are sig-
nificantly higher, compared to that of classic cycle. Assume burst length of the cycle
is N, it takes N+1 clock cycles to complete N data transfers instead of 2N clock
cycles of classic cycle. The throughput of burst increases and approximates 1 when
the burst length N increases. Therefore, supporting of burst cycle is necessary for
high speed data transfer. End-of-burst indicates that the next transfer is the last of
current burst. It is required to support end-of-burst if any of the two types of burst
cycles is supported.

For the proposed design of WISHBONE interfaces, because function of packet
input and output of CABAC encoding are partitioned to the two interfaces, it is
only necessary to support write cycle that receives input packets at slave interface
and to support write cycle that sends out packets of coded bit stream and RDO rate
at master interface. In CABAC encoding, packet output frequency is significantly
lower than packet input frequency. The master interface is designed to support clas-
sic cycle, while the slave interface supports not only classic cycle, but also constant
address burst and end-of-burst. As single address of slave interface is accessed, it
is no need to support incrementing burst cycle, in which consecutive addresses are
accessed sequentially during data transfer.
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Fig. 6.2 One classic cycle of a WISHBONE master interface with registered feedback of cycle
termination [Wishbone]

6.2.3 Design of Slave Interface of WISHBONE System Bus

The slave interface of WISHBONE system bus is designed to receive the input pack-
ets of CABAC encoder. It supports 3 types of registered feedback cycles including
classic cycle, constant address burst cycle, and end-of-burst. The host processor
equipped with WISHBONE master interface controls the generation and transfer
of input packets of CABAC encoder. Input packets received by the slave interface
are buffered in FIFO1 of CABAC encoder, which is accessed by functional units of
binarization and context model selection. Insertion of FIFO1 enables input packing
receiving of slave interface and following packet parsing and processing steps to
execute in parallel, with higher average throughput. An example of burst bus cycle
of WISHBONE slave interface of CABAC encoder is shown in Fig. 6.3.

The cycle involves 8 clock cycles from cycO to cyc7. The 3-bit value “001” of
cti_i indicates that it is a constant burst cycle. Signal ack_o of slave is asserted
in cycl, which is one clock cycle after assertion of stb_i. Input packet on dat_i is
latched at the next clock edge if ack_i is asserted. In this example, 4 input packets
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Fig. 6.3 Illustration of constant address burst cycle of WISHBONE slave interface [Wishbone]

are transferred from host processor and latched by the WISHBONE slave at clock
edge of cyc2, cyc4, cyc6, and cyc7. In cyc6, cti_i is set to “111” indicating end-of-
burst, and the burst completes in cyc7. It is also shown in the figure that both master
and slave can suspend data transfer by negating stb_i or ack_o, respectively. Thus,
packet input speed can be constrained by the master and slave interfaces. Assertion
of ack_o of slave interface depends on the following conditions: (a) FIFO1 of input
packets is NOT nearly full, so that the next input packet can be buffered; (b) the slave
interface is addressed; and (c) cyc_o, stb_o, and we_o are of high value, indicating
master requests a write operation.

For the interface signals, the width of input data bus dat_i is 22 bits, which is
the size of input packet of CABAC encoder. The 4 MSBs of address bus adr_i are
allocated to identify the slave devices connected to the WISHBONE system bus, and
16 slave devices can be identified. If the WISHBONE master and slave devices are
connected through a system bus inter-connection block INTERCON), the address
bus between INTERCON and slave interface can be removed by applying partial
address decoding scheme, in which adr_i are decoded in INTERCON.

6.2.4 Design of Master Interface of WISHBONE System Bus

Master interface of WISHBONE system bus is designed to output packets of coded
bit stream or rate of each tested RDO mode, which are generated in the two pipeline
stages of unit BP (bit packing) of CABAC encoder. As aforementioned, the rate
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of output packets is significantly lower compared to that of input packets during
CABAC encoding. The interface is designed to support only one type of registered
feedback cycles: classic cycle. It is not efficient in timing and area to support burst
cycle when burst length is only 1, because the timing efficiency is same compared to
that of classic cycle, and interface complexity is higher to support burst. In CABAC
encoding procedure, the probability is low to output packets of coded bit stream
in continuous clock cycles. Therefore, burst cycle is not supported in the proposed
system bus master interface of CABAC encoder.

Coded results of CABAC encoder are input to the master interface from unit BP,
including 13-bit RDO rate in RDO-on coding and coded bytes in RDO-off cod-
ing. Trigger signals are generated in unit BP to notify the master interface whether
the output is RDO rate or coded bytes, and during RDO-off coding, additional flag
(EOS_true) indicates whether the output bytes are of EOS (end of slice) coding. It
is shown in Table 6.3 the output order of coded bytes according to the values of
EOS_true and Byte index. Excluding the confirmed OS (outstanding) bytes, 1-2
coded bytes can be output when EOS_true is 0, and 2-3 bytes can be output when
EOS_true is 1, as the value of coding interval needs to be flushed out at the end of
slice coding. The confirmed OS bytes are output after the first byte, and the num-
ber of OS bytes is based on a 3-bit counter in unit BP. In the WISHBONE master
interface, coded bytes are packed on data bus dat_o and output in the order shown
in Table 6.3.

Design of master interface with 32-bit data bus is shown in Fig. 6.4. The 32-bit
width of data bus is commonly adopted in WISHBONE compatible IP design, which
makes it easy to integrate with other IP cores. Four-bit sel_o is allocated to indicate
the valid bytes on the bus during transfer. As shown in the figure, one of two pro-
cessing paths is triggered during packet output in the master interface according
to whether CABAC encoder is in RDO-off mode or RDO-on mode. Multiplexers
are allocated to select the proper output signals of system bus from the two paths.
During RDO-on mode, one data packet (dat_o) of RDO rate is output for each RDO
mode; while in RDO-off mode, coded bytes can be output in 1 or more packets,
including one packet of first byte, one to two packets of confirmed OS bytes, and
one packet of remaining bytes. In the proposed packet output procedure, it is not
needed to accumulate 4 bytes before output of 32-bit dat_o, as sel_o is utilized to
indicate the positions of valid bytes of dat_o.

Table 6.3 Configuration of coded bytes output order of RDO-off coding

Confirmed OS bytes
EOS_true  Byte index EOS byte Byte2 Bytel (07 bytes)
0 0 N/A N/A Ist byte Output after Bytel
0 1 N/A 1st byte 2nd byte Output after Byte2
1 0 N/A Ist byte 2nd byte Output after Byte2
1 1 st byte 2nd byte 3rd byte Output after EOS byte
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Fig. 6.4 Data output control
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An alternative design of master interface is also implemented with dat_o bus
width of 8 bits. As shown in Fig. 6.5, rate of each RDO mode is output in two
sequential packets in RDO-on mode, and OS bytes are output sequentially in 1-7
packets in RDO-off mode. Control logic is simpler compared to that of master

RDO-off mode
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Fig. 6.5 Data output control of WISHBONE master interface with 8-bit dat_o bus
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interface with 32-bit dat_i. However, coded byte output delay is longer, as maxi-
mum of 10 packets need to be output, and the integratability of the CABAC encoder
equipped with the interface is lower.

6.3 Design of System Bus Inter-connection

System bus inter-connection is a key functional block of WISHBONE system bus
that builds connection between masters and slaves according to a predefined man-
ner. The block is named INTERCON in WISHBONE system bus specification
[Wishbone]. Several inter-connection modes are supported in WISHBONE sys-
tem bus. Point-to-point INTERCON only supports connection of a single master
interface and a single slave interface, and is not suitable for SoC multi-device inter-
connection. Shared bus INTERCON supports connection of multiple masters and
slaves. However, only single-channel connection is supported, and one master is
allowed to initiate a bus cycle to a target slave through the connected channel in
INTERCON. Data transfer rate of shared bus INTERCON is limited for high data
rate video coding system. In comparison, crossbar INTERCON (crossbar switch)
allows multi-channel inter-connection between masters and slaves. Each connection
channel can be operated in parallel to other connection channels. This increases
the data transfer rate of the entire system by employing parallelism. Crossbar
INTERCON is inherently faster than traditional bus schemes. Crossbar routing
mechanisms generally support dynamic configuration. This creates a configurable
and reliable network system. The proposed crossbar INTERCON is introduced as
follows.

6.3.1 Design of WISHBONE Crossbar INTERCON

The top-level architecture of WISHBONE crossbar INTERCON is shown in
Fig. 6.6. The INTERCON supports connection with 4 masters and 4 slaves through
system bus interfaces, and maximum of 4 connection channels can be established
in the INTERCON if each master addresses a different slave. As shown in Fig. 6.6,
the INTERCON consists of 4 sub-units (named M0, M1, M2, and M3) for the func-
tion of master input selection and slave cyc generation and 4 sub-units (named SO,
S1, S2, and S3) for the function of master connection arbitration and slave input
selection. Sub-units M0, M1, M2, and M3 can connect to the corresponding inter-
faces of 4 WISHBONE slaves through system bus, and sub-units SO, S1, S2, and
S3 can connect to the corresponding interfaces of 4 WISHBONE masters. Each of
MO-M3 generates cyc signals for the 4 slaves. Based on the 4 cyc signals from MO
to M3, each of SO-S3 sub-units makes arbitration on which master can connect to
the slave that is connected to the sub-unit, generates Grant signals to MO-M3, and
selects the WISHBONE input signals of the slave. Based on the Grant signals from
SO to S3, each of MO-M3 selects WISHBONE input signals for the master that is
connected to the sub-unit.
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Fig. 6.6 Top-level architecture of 4-channel crossbar INTERCON of WISHBONE system bus

6.3.1.1 Master Connection Arbitration and Slave Input Selection

The architecture of master connection arbitration and slave input selection sub-
units (SO-S3) of INTERCON is shown in Fig. 6.7. WISHBONE bus cycle signal
cyc_o indicates the request of master to initiate a bus cycle to the addressed slave.
For the same slave, bus cycle signals of 4 masters (MO_cyc, M1_cyc, M2_cyc, and
M3_cyc) generated in MO-M3 are input to the arbiter of master connection. The
bus connection of one of the 4 masters can be granted, and the 4-bit Grant signal is
stored in registers. It is used to control system bus connection of the granted master
to the slave in the multiplexer. The 4-bit Grant is also connected to MO-M3 for the
selection of master input signals.

Round-robin arbiter and priority arbiter can be adopted for the arbitration of
mater connection. Compared to round-robin arbiter, the limitation of priority arbiter
is that, in very busy systems, there is no limit to how long a lower priority request
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may need to wait until it receives a grant [Weber02]. A round-robin arbiter on the
other hand allows every requester to take a turn in order. The maximum amount
of time that a requester will wait is limited by the number of requesters. In the pro-
posed design, the arbiters in sub-units SO-S3 are designed as round-robin arbiters. If
the currently granted master completes bus cycle and any of the remaining masters
requests to initiate a bus cycle, the first requesting master in the round-robin order
will be granted based on the stored Grant value.

6.3.1.2 Master Input Selection and Slave cyc Signal Generation

Architecture of master input selection and slave cyc generation sub-units (MO-M3)
of INTERCON are illustrated in Fig. 6.8, with MO sub-unit shown as an example.
For the generation of bus cycle signal cyc of each of the 4 slaves that can connect to
the master (Fig. 6.8a), address comparison of master address adr_o and the prede-
fined address of the slave is carried out first. If the addresses are identical, and the
master is requesting bus connection (cyc_o is high), the generated bus cycle signal
MO_cyc of the slave is set high, which is used for master connection arbitration in
S0-S3. As address comparison is completed in MO—-M3, computation complexity
of arbitration of SO-S3 is simplified. As shown in Fig. 6.8b, input data bus dat_i of
each master is selected from dat_o of 4 slaves in multiplexer based on the Grant sig-
nals generated in SO-S3. Because a WISHBONE master can be granted to connect
to only one WISHBONE slave, ack_i of the master is set high if any slave set ack_o
high, and the master is granted to connect to the slave.

6.3.2 Compact SoC-Based CABAC Encoding System
with WISHBONE System Bus Inter-connection

A compact SoC-based CABAC encoding system is shown in Fig. 6.9, which consists
of the proposed CABAC encoder and WISHBONE INTERCON. Input packets of
SE and control parameters are connected from interface of Master0 to MO sub-unit
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Fig. 6.8 Architecture of MO sub-unit: (a) Generation of cyc signals of 4 slaves that can connect to
the master, and (b) selection of master input signal including dat_i and ack_i
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of INTERCON. WISHBONE slave interface of CABAC encoder is connected to the
SO sub-unit of INTERCON. An internal channel is granted from MO to SO, which
enables the input packets to transfer from MasterO to CABAC encoder. The master
interface of CABAC encoder is connected to M1 of INTERCON to output packets
of coded results. Based on the adr_o of master interface bus cycle, internal channel
of M1 to S1 or M1 to S2 can be connected in INTERCON that enables packets
of CABAC coded bit stream to be sent to Slavel interface, and RDO rate to be
sent to Slave2 interface. Interfaces of MasterQ and Slave 2 can be located in the
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host processor that controls video coding of H.264/AVC, while interface of Slave 1
can be connected to the buffer of coded frames of video encoder. Two channels of
crossbar INTERCON are utilized in this compact CABAC encoding system, and no
conflicts of packet input and output exist, compared to the system with shared bus
INTERCON.

For the prospect of SoC-based H.264/AVC encoder based on the WISHBONE
system bus, the crossbar INTERCON can be scaled up to allow more master and
slave devices to connect to the WISHBONE system bus. With the accomplishment
of other HW IP cores such as ME and MC, intra prediction, integer transform
and quantization, in-loop deblocking filtering, etc., the IPs are connected to the
INTERCON through the system bus interface. Encoding procedure of H.264/AVC
video sequence can be managed in a timing-efficient manner, which enables the
IP cores to encode in parallel, reduces average encoding time per MB, enhance
the utilization efficiency of connection channels, and minimize the bandwidth of
system bus.



Chapter 7

Circuit Design, Implementation, and Verification
of CABAC Encoder

In this chapter, circuit design procedure and performance of the proposed CABAC
encoder are discussed. Design and verification steps of the encoder are intro-
duced first, followed by results discussion of synthesis and physical design. The
performance of the ASIC-implemented CABAC encoder is analyzed in terms of
its acceleration over CABAC software encoding, influence on the overall video
encoding system performance, and the efficiency of context model access. Finally,
comprehensive performance comparison is given for the proposed encoder and the
existing CABAC encoder designs.

7.1 Design and Verification Flow of CABAC Encoder HW IP

In this section, design and verification flow of the CABAC encoder are intro-
duced separately. Design steps of the proposed CABAC encoder are introduced first.
Functional verification strategies of the encoder are discussed then, including ver-
ification strategies of each design step, complete verification flow of ASIC design,
and FPGA prototype.

7.1.1 Steps in Designing a CABAC Encoder

Complete functions of the proposed CABAC encoder introduced in the previous 3
chapters are implemented and verified in 7 design steps, as illustrated in Fig. 7.1.
The step-by-step design and verification procedure of CABAC encoder enables
function verification and removes potential problems in the early stage, and reduces
verification difficulty. In the encoder design procedure, functional units and blocks
that generate CABAC output results are designed in earlier steps and the units or
block of the additional functions are designed in later steps. The benefit is that ref-
erence coded results in RDO-off mode that are generated from SW encoder keep
unchanged and verification procedure is simplified.

In Stepl, binary arithmetic coding (BAC) in unit AR and BP is implemented.
Context model of regular bin is provided in the input test vectors in Step1, which are
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Fig. 7.1 Design steps of CABAC encoder

used to look up sub-range of LPS of coding interval. In Step2, context RAM access
operations are implemented in unit CA, including read of context line that contains
the accessed context model from context RAM and write of context line that con-
tains the updated context model to context RAM. Ctxldx (context index) is provided
in the input test vectors to address the accessed context model. The function of
Block 2 is completed after Step2. In Step3, binarization of SE value and serial gen-
eration of bin packet are implemented in unit BN and unit BS, with CtxIdx of regular
bin provided from input. In Step4 and Step5, context model selection is designed in
unit CS;, and CSy, respectively. Unit CS; is the most complex unit of SE encoding
with RAM access of coded SEs of neighboring blocks during selection of context
model. After Step5, Block 1 is built, and CABAC encoding functions of binariza-
tion, context modeling, and binary arithmetic coding are completed. In Step6, the
additional functions including context model initialization of slice initialization and
context state backup and restoration of RDO-on mode coding are implemented in
Block 3 and other RDO related functions are added to Block 1 and Block 2, includ-
ing coding state backup and restoration of coded SEs and coding interval and RDO
coding rate output. In the last step (Step7), the WISHBONE system bus interfaces
with a FIFO buffer of input packets are finally designed and integrated into the
CABAC encoder. This completes the circuit realization of the proposed CABAC
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Fig. 7.2 Functional verification of the CABAC encoder block

encoder. After RTL-level function implementation in the 7 design steps, circuit syn-
thesis and physical design are carried out targeting two types of foundry process
technologies, and the results will be given in the next section.

7.1.2 Functional Verification of the CABAC Encoder

The encoder is verified using two sets of video sequences: CIF (352x288) and
HDTV 720p (1,280x720). Each set of sequences contains 1 or more GOPs (Group
of Pictures), and each GOP contains I, P, and B frames/fields. The encoder is tested
in various video encoding configurations, including progressive/interlace coding
control including frame, field, picture-level adaptive frame/field (PAFF), and MB-
level adaptive frame/field (MBAFF), RDO-off/RDO-on, wide range of encoding bit
rates controlled by QP, and various video encoding complexities controlled by the
parameters including ME search range, number of reference frames, number of inter
prediction modes, etc.

Functional verification of CABAC encoder design is illustrated in Fig. 7.2. Two
bit streams are generated and compared with each other. Stream 1 is generated
from the reference SW [WSJM] without any HW-assisted circuits using a video
test sequence. It can contain the coded bit-stream in RDO-off mode, or RDO coding
rate in RDO-on mode. Stream 2 is generated by replacing the respective CABAC
SW function with the proposed CABAC encoder IP block, and feeding it with the
parameter files generated by the same video test sequence. During comparison, any
differences between Stream 1 and Stream 2 would indicate a design error in the
CABAC HW IP.

7.1.2.1 Verification at Different Design Stages

The input to the CABAC SW encoder is redirected to a parameter file of test vectors
which is then used as input to the CABAC HW encoder, assuming the same host
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Table 7.1 Testing vectors of CABAC encoder at different design steps

Description of input test vectors of CABAC

Steps Units encoder

Stepl BAC (unit AR and BP) Bin packet containing bin, bin type, and
context model

Step2 unit CA Bin packet consisting of bin, bin type, Ctxldx

Step3 unit BN and BS Packet of SE type and value, CtxIdx of
regular bin

Step4 unit CS, Packet of SE type and value, CtxldxInc of

regular bin that needs to reference coded
SE of neighboring blocks (calc by CS1)

Step5 unit CSy Packet of SE type and value

Step6 Block3 Packet of SE type and value, Block3 ctrl
parameters (ctx initialization, RDO ctx
state backup and restoration), and RDO
coding rate accumulation and output

Step7 Sys Bus I/F dat_i of WISHBONE sys bus contains packet
of stepb

processor. For each design step discussed previously, different sets of test vectors
are used. Detailed descriptions of required parameters of input test vectors at each
design step are listed in Table 7.1.

In order to accelerate the verification of complex logic, excluding the refer-
ence coded results of encoder, intermediate reference results are generated for some
design steps to assist verification, such as context model value in Step2, Ctxldx of
regular bin of unit CS; in Step4, and CrxldxInc values used to verify context model
selection of unit CS; in Step5. One efficient verification strategy of the step-by-step
encoder design is to compare intermediate coding state values of current step with
previous step during verification in order to quickly locate time slot of encoding
error and position of bugs.

7.1.2.2 Verification of ASIC Design Flow and Approach of FPGA Prototype

In the ASIC design flow, the encoder is tested at RTL level, gate level, and post-
layout logic simulation. At the RTL level, the encoder is verified after each design
step to confirm the correctness of newly implemented function unit or block. Gate-
level and post-layout verifications of the encoder are also carried out to insure
functional consistency utilizing netlist and SDF (standard delay format) file that
provides timing delay information of cells and connecting wires.

FGPA prototyping is useful to find and solve design issues such as timing or
area at early stage, and it is widely used in digital circuit design. Speed of FPGA
verification is significantly faster compared to logic simulation. Therefore, FPGA
prototyping is also attempted in this book in addition to the ASIC design to verify
design prototype at the step that most functions of SE encoding are implemented
including binarization, CA, BAC, and context model initialization. Xilinx ISE
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[WSISE] and ModelSim [WSModelSim] are adopted to verify the encoder targeting
Virtex II pro and Virtex IV FPGA at implementation steps of synthesis, mapping,
and place and route. After logic simulation, bit stream of the design is generated and
downloaded to the FPGA. ChipScope of Xilinx [WSCS] is utilized to insert testing
probes on the design before generation of bit-stream, to monitor probe values dur-
ing hardware emulation, and to transfer coded results to computer throughput JTAG
cable at the pre-defined trigger condition of probes. Design is successfully verified
in two test cases. In case I: testing block and CABAC encoder are implemented
in Single Virtex II pro FPGA chip, and 100 MHz clock frequency is achieved. In
case II, two Virtex II pro FPGAs are used for testing block and CABAC
encoder. Clock frequency of case II is 20 MHz, because interconnection delay
is long between two FPGA boards and interconnection wires. As the design is
fully verified, the encoder can be integrated directly into FPGA video coding
system.

7.2 Synthesis Results and Physical Design

The scope of this research includes logic synthesis of the SoC-based CABAC using
Design Compiler [WSDC], and not the physical layout of the proposed design. The
proposed CABAC encoder was laid out using TSMC 0.13 wm process technology
to the GDS-II stage using Astro design tool [WSAstro]. Because of the significant
differences of implemented functions of reported designs and proposed encoder,
functional completeness of CABAC encoder designs are analyzed first, before the
discussion on the results of circuit synthesis and physical implementation.

Most of the reported designs only implement functions of context model access
(CA) and BAC or simply BAC, which are only part of functions of Block 2 of
the proposed CABAC encoder, meaning the designs only complete Stepl or Step2
of the 7 steps of CABAC encoder. In comparison, the proposed design fully sup-
ports CABAC encoder function including binarization and context model selection
in Block 1; context model access and BAC in Block 2; and fast context model ini-
tialization with a throughput of 4 models/cycle and fast RDO context state backup
and restoration operations in Block 3. Binarization and context model selection of
CABAC were not implemented in [Shojania05, Kuo06, Li06a, Nunez06], and was
partially implemented in [Osorio06].

The proposed CABAC encoder is the only design that fully supports both SE
encoding and RDO related operations in the HW IP. The supported RDO related
functions include RDO coding rate output and 3 types of coding state backup and
restoration operations for the state of context models, coded SEs of neighboring
block, and coding interval of BAC. In comparison, RDO is not fully support in all
the other reported designs, and the CABAC encoder [Nunez06] that focuses on HW
assisted RDO only supports context state backup and restoration. In order to support
CABAC encoding in both RDO-off and RDO-on modes, more complex encoding
control logic is required in the proposed design to implement similar functions such
as CA and BAC.
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The encoding pipeline throughputs (in bin/cycle), synthesis/layout maximum
operating frequencies (in cycle/s), and circuit areas (in the total number of 2-input
NAND gates or mm?) of the proposed design and other reported designs targeting
CMOS process technologies or FGPA are compared in Table 7.2. In terms of areas,
the proposed design is relatively larger than others. This is because the proposed
design offers more complete CABAC encoder functions including context model
selection and full support of RDO. Reported designs that implement similar encoder
functions are compared. The proposed functional Block 3 — unique to all reported
designs — takes up 8.9 K gates (20.0% of circuit area) in 0.13 wm process; while
unit CS; of this design occupies 15.2 K gates (34.1% of circuit area) in the same
technology, because large number of registers is allocated to store the coded SE
data. Design of unit CS| and Block 3 occupy over 54% of encoder logic area, while
Block 2 occupies 23.2% including RDO support in CA and BAC. Binarization and
context model selection of CS, utilize 18.6%. Only design in [Liu07a] supports sim-
ilar function of unit CS; using 15.9 K gates of the block. However, in [Liu07a], RDO
is not supported in the block, and SE access delay of neighboring MB is significant.
In terms of throughput, those of [Shojania05, Li06a, Chen07b, Liu0O7a] are lower
than 1 bin/cycle, while those of [Kuo06, Nunez06], and the proposed design are 1
bin/cycle, and [Osorio06] is at round 2 bin/cycle. If the maximum number of bins

Table 7.2 Throughput, max frequency, area of CABAC encoders

Process Clock

Design technology Bin/cycle freq MHz Circuit area of the implemented functions

[Li06a] 0.35 pmsyn. 0.59 150 4.57 K gates (only part of Block 2)
ROHM 4.1 Kb RAM

[Kuo06] 0.18 pmsyn. 1 200 0.31 mm? (only part of Block 2)
TSMC

[Chen07b] 0.15 pmsyn. 0.56 333 13.3 K excluding mem (CtxldxInc calc. at

host)

[Liu07a] 0.13 pm syn. 0.67 200 34.3 K excluding mem
TSMC

[Nunez06] XilinxV4 1 130 1,158 slices (encoder only for part of
FPGA block 2: 856 slices)

[Osorio06] 0.35 umsyn. 1.9~2.3 186 19.4 K excluding mem (Block 2, partial
AMS of binarization)

[Shojania05]  0.18 pmsyn. 0.33 263 0.423 mm? (only part of Block 2)
TSMC
0.13 pm 328 1.41 mm? Including: WB I/F, all
TSMC (worst- RAMs, ROMs
post-layout case)

This design 1 Total Unit CS;  Block 3
0.13 wm syn. 578 44.6 K 152K 89K
TSMC
0.35 wm syn. 186 312K 11.1 K 57K

AMS
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Fig. 7.3 Chip layout of the
CABAC encoder

processed per second is a determining factor, the proposed design offers higher pro-
cessing speed (bin/s) compared to [Shojania05, Kuo06, Li06a, Chen07b, Liu07a].
Design [Osorio06] reportedly offers the highest processing speed. Performance of
the proposed encoder and [Osorio06] will be compared in details in the later section
of this chapter.

The layout of the proposed design is completed with TSMC 0.13 pm CMOS
process, going through design flow of floor planning, power ring and power straps
insertion, placement and clock tree synthesis (CTS), routing, and DRC and LVS
checking. The chip layout is shown in Fig. 7.3. The core size of encoder is 1.41 mm?
with core utilization of 90.8%. Post-layout simulation can be run at a clock fre-
quency of 328 MHz in the worst-case corner (1.08 V, 125°C) with constant encoding
pipeline throughput of 1 bin/cycle. Up to now, this design is the only CABAC
encoder reported with the most precise post-layout results.



Chapter 8
Power Reduction Strategies, MBIST, and Design
Performance Comparison

8.1 Power Reduction Strategies and Power
Consumption Analysis

Power consumption has always been a topic of great interest when comes to designs
for portable applications. In our CABAC design, all the CABAC functions including
support for RDO have been implemented with more local register buffers and larger
memory allocation. Thus, it is important to implement power reduction techniques
wherever possible to reduce power consumption.

RTL-level power reduction techniques are adopted in the proposed design. Net
switching power of RAM blocks is reduced by decreasing RAM access frequency of
both context RAMs and SE RAM with the proposed context model access scheme
and MB-based SE RAM access discussed in Chap. 5.

Clock gating is applied to the whole CABAC encoder design to gate the clock
signals to the registers of different function blocks and constrain cell internal power
of large number of registers of encoder. During circuit synthesis, clock uncertainty
is reasonably defined to estimate clock latency across clock gating cells, and hold
time violations are resolved to ensure next data input of register arrives after clock
edge of gated clock. Function correctness of the encoder is verified after applying
power reduction techniques.

In order to precisely evaluate power consumption with the proposed designs,
gate-level SAIF (Switching Activity Interchange Format) file is generated from CIF
and HDTV 720p sequences simulation in both RDO-off and RDO-on modes in sev-
eral test conditions. The SAIF file is imported to the state-of-the-art power analysis
tool Power Compiler [WSPC]. Dynamic power of the design is significantly reduced
with power reduction techniques applied.

Available power consumptions of reported designs ([Kuo06] and [Shojania05])
and proposed design (RDO-off mode) are precisely compared using same TSMC
0.18 wm CMOS process at same clock frequency of 200 MHz, as listed in Table 8.1.
For the same function block of Block 2 and Normal RAM access, power con-
sumptions of [Kuo06] and [Shojania05], and this design are 20.7, 36.5, and 19.6
mW, respectively. This design achieves power reduction of 6 and 46% compared

X. Tian et al., Entropy Coders of the H.264/AVC Standard, Signals and 145
Communication Technology, DOI 10.1007/978-3-642-14703-6_8,
© Springer-Verlag Berlin Heidelberg 2011
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Table 8.1 Gate-level power consumption (mW) of reported designs and proposed design

Total Power of Block 2 and normal context
Design power RAM access
[Kuo06] (partial of Block 2 N/A 20.7 (200 MHz, 0.18 pwm)
func and RAM acc)
[Shojania05] (partial of Block N/A 48.0 (263 MHz, 36.5 (200 MHz,
2 func and RAM acc) 0.18 pm) 0.18 wm)
This design at 200 Mbps, 0.18 48.9 25.7 (w RDO) 19.6 (w/o RDO)

pwm TSMC RDO-off mode

to [Kuo06] and [Shojania05], indicating that power is more efficiently constrained
compared to Kuo’s low power cache-based design.

For the power consumption on the host processor, low power embedded proces-
sors typically consumes 0.2-2 mW per MIPS [Rabaey06], such as the ARM 9-11
series and the PowerPC. In the instruction-level analysis of H.264/AVC reference
SW encoder [WSJM] in QP 12-28, it is found that 58.8% of CABAC computa-
tion still need to be calculated by the host processor in [Kuo06] and [Shojania05],
which is an average of 1.54E+04 MIPS. Even if power-efficient embedded proces-
sor is assumed with 0.2 mW/MIPS, 3.09 W will be consumed on the host processor
of reported designs, while this part of computation is entirely implemented in the
proposed HW encoder. Therefore, the total power consumption of the proposed
CABAC encoder is significantly lower compared to the reported designs.

Power consumption of whole encoder of the proposed design is evaluated in
several video coding configurations, as shown in Table 8.2. In the RDO-off CIF test
at bit rate of 980 Kbps, this design only consumes 0.087 mW at clock frequency of
1.3 MHz. To support full RDO-on coding of CIF sequence at 490 Kbps, the encoder
consumes 9.95 mW at 211.5 MHz. To support HDTV 720p 60 fps RDO-off coding
at 8.9 Mbps, power consumption of the encoder is 0.79 mW. Power consumption
of the proposed encoder is higher in RDO-on mode because of significantly higher
input SE packet frequency.

The average distribution of power consumption of the proposed CABAC encoder
in different function blocks are listed in Table 8.3 for RDO-off/RDO-on modes. As
shown in the table, large percentage of the encoder power is consumed by Block 1,
Block 2, and memory block, while the power consumption of WISHBONE system
bus interfaces is only 1.0%. Table 8.3 illustrates that percentage of power consump-
tion of Block 3 and Memory block increases in RDO-on mode. It is because in

Table 8.2 Power consumption of the proposed encoder in 3 video coding configurations

Video format Clock (MHz) RDO mode Bit rate Power (mW)
CIF, 60 fps 1.3 Off 980 Kbps 0.087
CIF, 30 fps 211.5 On 490 Kbps 9.95

720p, 60 fps 11.6 Off 8.9 Mbps 0.79
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Table 8.3 Distribution of power consumption of the proposed CABAC encoder in RDO-on/RDO-
off mode coding

3 func

Memory FIFOs  Blockl Block2 Block3 WB I/Fs Normal blocks
RDO mode (%) (%) (%) (%) (%) (%) RAM (%) (%)
RDO-oft 27.0 9.1 18.9 404 34 1.0 12.3 62.6
RDO-on 283 8.9 20.5 36.3 4.6 1.0 11.0 61.5

RDO-on mode, Block 3 and context RAMs are more frequently accessed for con-
text state backup and restoration of P8 x8 mode decision. In RDO-on mode, unit
BP (bit packing) of Block 2 consumes less power as bit packing related logic is idle,
and encoding pipeline stages of unit CA and AR of Block 2 can also turn idling after
bin packet processing of one RDO mode, and before high-level RDO mode decision
and receiving of input packets of next mode.

The P8 x 8 RDO mode decision is not frequently triggered during RDO-on cod-
ing compared to some of other RDO modes such as Intra4 x4, and in some situations
such as HD videos with complex textures and motions, P8 x8 mode does not con-
tribute significantly to the bit rate reduction. Therefore, it is reasonable to constrain
the power consumption of the P8 x8 mode related function blocks. Block 3 and unit
CS; are the two major functional blocks that control the backup and restoration of
context state and state of coded SEs during P8 x 8 coding, and the two blocks occupy
over 54% of logic area of CABAC encoder, because in unit CS; large local buffers
are allocated to temporarily store coded SEs and 5 pipelines are utilized in Block 3.
After clock gating is applied, dynamic power of unit CS; and Block 3 is efficiently
reduced, consuming 9.5% encoder power in RDO-off mode and 11.0% in RDO-on
mode.

8.2 MBIST Circuit of Memory Block of CABAC Encoder

CABAC encoder requires frequent access of context models from context RAMs
and access of context model initialization parameters from ROM tables during slice
initialization. Enhance testability of the Memory Block of the encoder is another
design consideration. Test circuit insertion procedure of memory blocks is not sim-
ilar to the scan chain insertion of registers of function logic. MBISTArchitect of
Mentor Graphics [WSMBIST] is employed to generate and insert complete RTL-
level Built-In-Self-Test (BIST) logic for the context RAMs and ROMs of Memory
Block. After MBIST circuit insertion, the RTL-level architecture is an integration
of the original coding logic together with the new test circuits required for BIST
purposes. The encoder is able to either do the normal coding function or perform
memory self test when activated.

A wide range of test algorithms that offer high fault coverage can be selected.
March2 and ROM2 algorithms are chosen for RAM and ROM test respectively
because they both cover a wide range of faults in short test procedure. The test
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Fig. 8.1 BIST testing circuits of memory block, including RAM BIST and ROM BIST

mode is triggered when test_enable is set to 1, otherwise the CABAC encoder func-
tions as normal. The successful completion of memory test is indicated by logic 1 in
test_done and logic 0 in test_fail in the RAM test, as shown in Fig. 8.1. If any fault
is found, test_fail goes high and the test ceases. RAM test can be reset at any time
to initialize the test, while BIST clock uses the same clock as the encoder. For ROM
test shown in Fig. 8.1, all values read from ROM are compressed into a signature by
a compressor, and it is in turn compared with a reference signature when the test is
done. The test fail signal goes high in the case of signature mismatch. Compared to
the default scan-out result checking scheme of ROM BIST, this scheme with local
comparator is simpler and more time-efficient.

In order to contain MBIST capabilities for the CABAC encoder, input BIST sig-
nals from BIST controller and the normal memory input signals are selected by
the multiplexer at memory interface according to test enable signal(s). ROM BIST
capabilities are added to the 4 ROM tables of context model initialization parame-
ters, and 4 RAM BIST controllers are allocated, including 1 for Normal RAM and
Temp RAM, 1 for Best RAM and P8x8 RAM, 1 for Address list, and 1 for the
FIFO buffer RAM blocks. The memory blocks can be self-tested simultaneously
or selectively according to the test scheme. The BIST circuits of ROMs, context
RAMs, and FIFOs occupy 4.0 K gates in total in 0.13 pm CMOS process, which
is not significant compared to the encoder area. Influence on the encoder clock fre-
quency is trivial, because critical path is not located in the test logic. It is necessary
to integrate MBIST and logic test circuits into the proposed encoder IP when the
design is to be fabricated or integrated into a video encoding system as a hard IP in
the further work.

8.3 Performance Comparison

In the following sections, performance of the proposed CABAC encoder is evalu-
ated from the aspects of CABAC encoding acceleration, encoding throughput, and
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impact of CABAC encoder IP on the overall system performance. Performance of
the CABAC encoder is compared to two reported designs to illustrate the advan-
tages of the proposed design in context model access efficiency and encoder function
completeness.

8.3.1 CABAC Encoding Speed Performance of the Encoder

8.3.1.1 Acceleration of CABAC Encoding

In order to evaluate the speed up of encoding of the proposed CABAC IP, the timing
performance of the proposed top-level CABAC encoding architecture is compared
to that of running reference SW CABAC encoder on host processor of the video
encoding system. It is done by measuring the time taken by each to perform CABAC
encoding of the same test sequence. Let fcapac_rop denotes the encoding time taken
by the proposed top-level CABAC architecture, and t,.r sw denote the time taken by
the reference SW encoder, the design objective is to achieve significant time-saving
as shown in (8.1).

ICABAC_top << tref_sw (8.1)

It is further assumed that the operating clock frequencies of host processor and
the HW CABAC encoding architecture are similar. Because the current processor
core embedded in the FPGA chip such as MicroBlaze [WSMB] in the Xilinx Virtex-
4 platform can achieve clock frequency up to 200 MHz, it is reasonable to estimate
that an RISC processor core can work at the clock frequency of 300~500 MHz
which is similar to the clock frequency of HW CABAC encoder generated by cir-
cuits synthesis and physical design tool. Therefore, the expression for number of
cycles corresponding to (8.1) can be derived as:

CcaBac_top << Cref_sw (8.2)

For SW/HW co-design architecture of CABAC encoder, cycle number of top-
level CABAC encoder Ccapac_rop consists of three parts: cycles of HW IP (Cyw_ip),
cycles of SW non-IP (Csw ,onrp) running by the host processor, and cycle of data
transfer delay from host processor to HW IP (Cyansfer_iatency)- If encoding function
of SW non-IP, HW IP, and data transfer are sequential executed, Ccapac_rop is the
sum of three parts:

CCABAC_top = CHW_IP + CSW_mmIP + Ctramfer_[atency (83)

Csw _nontp of the proposed design is minimized compared to all reported designs,
because CABAC encoding functions are full implemented in HW IP, and the host
processor only needs to re-package the input SE packets and control parame-
ters. Csw _nonip 18 also significantly lower compared to Cpw jp. Moreover, HW
IP and SW non-IP are processing CABAC HW input packets in parallel, and
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Table 8.4 Speed-up of CABAC encoding of the HW IP compared to SW

RDO mode QP 24 28 32

RDO-off Crw 1P 3.2E+05 1.9E+05 1.2E+05
Cref sw 4.6E+07 2.8E+07 1.8E+07
Speed-up 145 147 153

RDO-on Chaw 1p 8.0E+07 6.3E+07 5.2E+07
Cref sw 2.1E+09 1.6E+09 1.2E+09
Speed-up 26 25 24

Cuw gp is significant larger compared to Csw nonzp. Thus, Csw ,onip and transfer
delay Cransfer_latency can be ignored in (8.3), and Ccapac_rop can be represented by
Chw _p for the proposed top-level CABAC encoding architecture. The acceleration
of CABAC encoding is illustrated in Table 8.4, in which number of cycles of HW
IP, cycles of reference SW encoding, and acceleration times of the HW IP are listed
for coding test of one GOP CIF format Foreman sequence at 3 QP values.

In RDO-off mode coding, speed-up of HW CABAC encoder are significant in
different QPs, and it is more efficient in high QP (low bit rate). It is because the
percentage of regular bins is proportional, and SW encoding of regular bin is ineffi-
cient, which requires memory access in multiple cycles. In RDO-on mode, speed-up
is relatively lower compared to RDO-off mode. This is because in RDO-on coding,
CABAC encoding pipeline is empty when coding rate is output when all bins of
current mode are encoded, and the multi-stage pipeline is reloaded when the mode
decision is made, and SE packets of next RDO mode are received by the encoder.
Pipeline efficiency is degraded; however, the encoding speed of proposed encoder
is still faster in RDO-on mode. Speed-up can be further increased if the RDO mode
decision algorithm of host processor is adjusted. SE packets of the next RDO mode
can be generated before the coding rate of current mode is calculated in the encoder
IP, if the decision of next RDO mode does not depend on the coding rate of current
mode, such as intra prediction mode decision of 4 x4 blocks.

8.3.1.2 Constant Throughput of CABAC Encoder

Although encoding throughput is limited by the maximum throughput of BAC
pipeline stages, it is also influenced by the performance of previous encoding stages.
For the full HW CABAC encoder design, SEs of residual blocks are generated dur-
ing binarization. Bin strings of one residual block cannot be generated until all
values of residual coefficients are received. Therefore, bubbles can be inserted in the
pipeline when the bin string of next SE is not available. Inaddition, context model
selection is also a complex procedure when the coded SEs of neighboring blocks
needed be referenced and accessed from SE RAM, in which situation pipeline can
be stalled when the CtxldxInc calculation of regular bin cannot be completed when
Ctxldx is needed. In this book, the problem of residual SE generation is released
by (a) input run-level pairs instead of all coefficients of residual block to reduce
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Table 8.5 Average throughput of the proposed CABAC encoder in video coding tests

QP 12 16 20 24 28 32
Total encoding cycles 1,874,123 1,103,743 566,390 314,376 190,255 117,383
Bin number 1,855,991 1,096,048 562,211 311,756 188,186 115,195
Avg throughput 0.990 0.993 0.993 0.992 0.990 0.981

residual input cycles, (b) calculate SEs during run-level pair input procedure, and
(c) insert FIFO buffer after unit BN. Context model selection is also accelerated
by partitioning the function in unit CS; and CS,, the pre-calculation of CtxldxInc
of unit CS; in parallel with binarization of BN. Average throughput of the entire
encoder is tested in one GOP of CIF Foreman sequence in the QP range of 12-32.
As shown in Table 8.5, throughput of the encoder is constant in the whole QP range.
Pipeline stall probability is minimized to 1% or even lower, and the stall is only
caused when FIFO of bin string is empty and SEs of next residual block are still
being processed in unit BN. The average throughput of encoder is 0.99 bin/cycle,
which is quite approximate to the maximum throughput of 1 bin/cycle of CABAC
encoding pipeline. In comparison, actual throughput of [Liu07a] and [Osorio06] are
degraded, compared to the reported maximum throughput, as design of binarization
and context model selection is inefficient and encoding pipeline stall frequency is
high. It will be further discussed in Sect. 8.3.3.

8.3.1.3 Worst-Case Analysis of Proposed CABAC Encoder

For the worst-case analysis, the H.264/AVC encoder is tested in HDTV 720p 60 fps
coding, with all encoding tools turned on including full RDO mode. The best coding
performance is achieved at the cost of high computation. It is found that to achieve
output bit rate of 10.7 ~ 24.4 Mbps, CABAC encoder needs to support encoding
speed of 0.77 ~ 1.52 Gbin/s in RDO-on mode, which is beyond the processing speed
of any of the CABAC encoder designs at current stage. For the proposed CABAC
encoder at post-layout stage, a maximum encoding speed of 325 Mbin/s at worst-
case corner (1.08 V, 125°C) is supported. However, in the typical case, the post-
layout design can work at significantly higher encoding speed of over 500 Mbin/s.
To achieve HDTYV real-time RDO coding, simplified RDO-on mode may be adopted
to reduce RDO testing modes, and the scheme of parallel encoding of multiple slices
of same frame on multiple CABAC encoding engines may be applied.

8.3.2 Performance Comparison of Context Model
Access Efficiency

The performance of context model access of the proposed design is evaluated from
two aspects: (1) efficiency of context RAM read and write access; and (2) efficiency
of context state backup and restoration operation. The performance is compared
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with [Nunez06], which is the only reported design that fully supports different
RDO context state backup and restoration operations. The influence of context RAM
reallocation is also evaluated.

8.3.2.1 Comparison of Context RAM Read and Write Access Efficiency

CABAC encoder is tested using 4 CIF video sequences: Foreman, Mother and
Daughter (M&D), Coastguard, and News, with QPs set at 12, 16, 20, 24, 28, and
32 in both RDO-off and RDO-on modes. The context RAM read and write access
frequency ratio of this design over [Nunez06] is illustrated in different coding
conditions.

e RDO-off mode

In the RDO-off mode coding test of IPB video sequence (2 GOP, 19 CIF
frames), the averaged context RAM access frequency ratio of this design over
[Nunez06] (access ratio) in the QP range of 12-32 is shown in Table 8.6. With
techniques of both context line access scheme and context RAM reallocation
applied, the context RAM access frequency of this design is 26.1-33.2% of that
of [Nunez06] in the 4-sequence tests, with an average of 28.4%. The RAM access
frequency of this design is significantly lower than [Nunez06].
Applying the context line access scheme alone, the average access ratio of this
design over [Nunez06] is 33.9%. After context RAM reallocation, the aver-
age RAM access frequency of this design further reduces 16.1%, as shown in
Table 8.7, indicating that the reallocated context RAM efficiently reduces context
RAM access frequency.
Figure 8.2 illustrates the access ratio with respect to QP. In the low QP range,
RAM access ratio of sequence Coastguard is lower (more efficient), while access
ratios of M&D and News are higher. However, in the high QP range, the access
ratio of Coastguard increases rapidly. For sequence News, variation of access
ratio is small in the whole QP range.

35%

|

30%

25% 1

—o—Foreman
——M & D

Fig. 8.2 Context RAM —»—Coastgd
access frequency ratio of this

20% / —»—News
design over [Nunez06],

during RDO-off coding in the 15%
QP range of 12-32 of 4
typical video sequences

Ctx RAM access ratio, Non-RDO
coding

12 16 20 24 28 32
QP



8.3 Performance Comparison 153

The access ratio is more sensitive to the change of QP if the total energy of trans-
form coefficients is more scattered in frequency domain (low and high frequency
coefficients), such as Coastguard. In comparison, if the energy of transform coef-
ficients concentrates more in the low frequency, such as News, the access ratio is
more stable as QP changes, compared to that of Coastguard.

In the low QP range, context RAM access of high motion sequences Coastguard
is more efficient with lower access ratio, while RAM access ratio of low motion
sequence M&D and News is higher. This is because higher motion of video
sequence introduces larger MVD and residual blocks with more non-zero coeffi-
cient after quantization, which reduce the context RAM access ratio. However, in
high QP range, access ratios of high motion sequences increase more rapidly. At
QP 32, access ratio of Coastguard is highest among all sequences. In comparison,
low motion sequence News has lower access ratio. As QP increases, bit rate of
Coastguard reduces more rapidly compared to that of M&D and News. As motion
estimation related SEs need to be processed in all QP range, variation of RAM
access ratio and bit rate is caused by the change of quantized residual coefficient.
Prediction error energy of Coastguard is more evenly distributed in low and high
frequency range, and less energy is kept as most coefficients are quantized to 0 in
high QP coding, and access ratio increases rapidly. Residual coefficients energy
of News is more concentrated in low frequency range, and more energy is kept
and more non-zero coefficients are kept after high QP quantization. Therefore,
context RAM access ratio of News is lower in high QP.

e RDO-on mode

Table 8.6 Average context RAM access frequency ratio (This design over [Nunez06] in RDO-off
mode coding)

Sequence RAM access ratio (%)
Foreman 28.2
M&D 332
Coastguard 26.2
News 26.1
Average 28.4

Table 8.7 Reduction of RAM access frequency of the proposed encoder, attributed to Context
RAM reallocation

Sequence RAM access reduction (%)
Foreman 13.7
M&D 14.6
Coastguard 18.8
News 17.5

Average 16.1
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The variation of RAM access frequency of P or B frames in the same GOP is
very small in the video coding tests. Because computation complexity increases
significantly during RDO coding, proposed design is tested with the 1st I, P, and
B frame in RDO-on mode.

Figure 8.3 shows the average RAM read frequency ratio (read ratio) and RAM
write frequency ratio (write ratio) of this design over [Nunez06] in the QP of
12-32. Average read ratios are 22.4% (1), 23.9% (P), and 24.1% (B), and write
ratios are 14.5% (I), 15.3% (P), and 15.4% (B). RAM access of News is more
efficient compared to that of other sequences. For each sequence, the read and
write ratios of P and B frames are higher than I frames, because the percentage
of non-residual SE in the P or B frame is higher, and RAM access efficiency of
non-residual SE is lower than that of residual SE. Compared to RDO-off coding,
context access of this design is more efficient (lower access ratio) in RDO-on
coding because large percentage of RDO modes are Intra prediction mode deci-
sion of 4 x4 block (Intra4 x4), in which the percentage of residual SEs is higher.
In RDO-on coding, write ratio is significantly lower than read ratio, because in
non-P8 x 8 RDO mode coding, the last two context lines stored in the context line
buffers of unit CA need not to be written back to Temp RAM. The difference
of read and write ratio is more significant for the low bit rate sequence, such as
M&D.

Figure 8.4 shows the read ratio and write ratio of this design over [Nunez06]
with respect to QP in I, P, and B frame RDO coding. The RAM access ratio
increases with QP because the percentage of residual SE decreases. The curves
of inter (P and B) and intra frame (I) are similar, because most RDO coding modes
of inter frames are still Intra4 x4 modes in inter coding, which is a dominating
factor of RAM access efficiency. Spatial characteristics of the frame have stronger
influence on the RAM access property than the temporal characteristics.

In Intra4 x4 mode RDO coding, 4 types of residual SEs are processed in high
ratio: CBF, SCF, LSCEF, and abs_level_minusl1. Several factors are found that
influence the RAM read ratio for residual SE coding. (a) The sum of abs level
values in the coding 4 x4 block blk_sum: decides the utilization efficiency of con-
text models of abs_level_minus1; (b) Non-zero coefficient number in each block
blk_coef_num: influences the access of LSCF context models; (c) Percentage
of 4x4 blocks with zero coefficients in the total blocks processed zero_blk: If
the percentage of zero blocks is high, utilization of context line is less efficient;
(d) Position of the Last SCF in the block: decides average number of SCF con-
text models accessed per block. These factors reflect the distribution of residual
transform coefficients energy and influence the efficiency of RAM read access in
RDO-on mode coding.

Power consumption of the context RAM during RDO-on and RDO-off coding
is also compared with reference design [Nunez06] and other designs with single
context model access scheme. The widely used industry SRAM model CACTI 5.3 of
HP lab [WSCACTI] (Available from: quid.hpl.hp.com:9081/cacti/sram.y) is utilized
to evaluate SRAM access energy of the two types of SRAM architecture including
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Fig. 8.3 Context RAM read and write frequency access ratio of this design over [Nunez06], during
RDO-on coding. The average access ratios of I, P, and B frames of 4 video sequences in QP range
of 12-32 are shown

53-word x 56-bit of this design and 400-word x 8-bit of reference. According to
SRAM access frequency ratio of this design and [Nunez06], context RAM power
consumption is evaluated. Power reduction of context RAM of this design is 16%
in RDO-off, and 31% (read) and 56% (write) in RDO-on mode compared to the
reference.

8.3.2.2 Efficiency of Context State Backup and Restoration (B&R) Operation

Compared to [Nunez(06], the operations of context state restoration are removed dur-
ing non-P8x 8 RDO coding, because of allocation of Temp RAM to store updated
context lines during coding of each RDO mode, as discussed in Chap. 5. During
RDO-on coding of P88 sub-MB mode decision, 4 partition modes 8§x8, 8x4,
4x8, and 4x4 are tested for each 8x8 sub-MB. The context state of context RAM
needs to be restored after coding of each RDO mode, and the context state of the
best mode needs to be stored to context RAM after all modes are tested. With the
architecture of 3 backup FIFO buffers and 1 coding context RAM, all context state
restoration operations must be executed in [Nunez06], and at least 20 context state
B&R operations are required per inter MB.

In the proposed design, the backup and restoration operation is removed if
the mode is not the currently best mode. With pipeline structure in the proposed
design, the backup and restoration operations can be executed concurrently, so at
most 1 operation is performed per mode. In each operation, because of context
line are accessed, the average cycles per operation are also lower than [Nunez06].
With fewer cycles per operation and fewer operations per MB, the operation
timing delay per MB (cycle number) of this design is significantly lower than
[Nunez06].
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Fig. 8.4 Context RAM access frequency ratio of this design over [Nunez06] during RDO coding
in the QP range of 12-32 of 4 video coding sequences. Read ratio of I, P, and B frames are illus-
trated in (a), (c), and (e) respectively; Write ratio of I, P, and B frames are illustrated in (b), (d),
and (f)

Average P8 x8 context state B&R operation delay ratio ctx_opt_delay_ratio of
the proposed encoder to [Nunez06] is evaluated by (8.4). MB_num_frm is the num-
ber of MB per frame. ctx_opt_frm is the average number of context state B&R
operations taken in each frame, which can be obtained in video coding tests. In
each context state B&R operation, ratio of operation cycles of proposed design to
[Nunez06] is evaluated as the ratio of the context lines accessed in proposed design
(ctx_line_num) to the context models accessed in [Nunez06] (ctx_model_num)
during P8x8 sub-MB mode decision. Average numbers of ctx_line_num and
ctx_model_num are used for the calculation of (8.4).
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Fig. 8.5 Context state backup and restoration operation delay ratio of this design to [Nunez06] in
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(8.4)
20 X MB_num_frm  ctx_ model_num

ctx_opt_delay_ratio =

Figure 8.5 illustrates the timing delay ratio of this design to [Nunez06] of context
state B&R operation in P8x8 RDO coding. Operation delay ratio is lower (more
efficient) in high motion sequence such as Coastguard, and higher in lower motion
sequence incluidng M&D and News. Because only 2 context lines are accessed
to encode a MVD, context RAM access efficiency is higher for larger MVD. For
high motion sequence, the percentage of non-zero MVD and residual coefficients
are larger compared to that of low motion sequence. The ratio of ctx_line_num to
ctx_model_num in (8.4) decreases when the percentage of non-zero MVD increases.
Increase of non-zero residual coefficients also causes decrease of the delay ratio.
The variation of ctx_opt_frm in each sequence is not as significant as that of the
ratio of ctx_line_num to ctx_model_num. In general, the context state backup and
restoration operation of proposed CABAC encoder is more timing efficient for high
motion sequence such as Coastguard. The average operation delay of this design
is 15.5 and 16.6% of [Nunez06] for P and B frame coding of in 5 CIF sequences
coding tests, as shown in Table 8.8.

Table 8.8 Average context state backup and restore operation delay ratio of the proposed design
to [Nunez06]

Sequence P frame (%) B frame (%)
Foreman 15.0 16.8
Walk 12.3 14.4
M&D 20.0 19.2
Coastguard 12.6 13.9
News 17.6 18.8

Average 15.5 16.6
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8.3.2.3 Context RAM Occupation Reduction

In [Nunez06], 46 Kbits backup context memory is allocated to support RDO coding.
Instead of allocating 3 large FIFOs to backup 3 intermediate context states during
P8x8 RDO coding, only 4 small RAMs are allocated to support RDO, including
Temp RAM, Best RAM, P8 x8 RAM, and Address list, and Best RAM and P8 x 8
RAM are used to backup only maximum of 11 context lines that can be modified
during P8 x 8 mode decision. Inaddition, because context models are accessed by
context line instead of single context model in the proposed design, fewer memory
addresses of the accessed context models need to be stored in the backup RAMs.
Compared to [Nunez06], only 7.37 Kbits of context RAMs are allocated in this
design, which is 16.0% of [Nunez06]. The reduction of context memory size in the
proposed design is attributed to the context line access scheme and more efficient
allocation of backup memory resources.

8.3.3 Performance Comparison with the State-of-the-Art CABAC
Encoder Design

8.3.3.1 Function Completeness

Design [Osorio06] is reported to have higher coding throughput of 1.9~2.3 bin/cycle
because it was claimed that pairs of bins (combinations of regular bins and/or bypass
bins) can be processed per cycle. However, the throughput is only evaluated at the
pipeline stages of BAC based on the statistical distribution of generated bin pairs
of test video sequences, without consideration of the processing capability of previ-
ous encoding stages including binarization and bin packet generation. The claimed
throughput can only be achieved on the condition that bin pairs and the related con-
text models are continuously fed to the BAC of encoder without any stall, which is
not possible for the proposed encoder architecture. Several functional differences of
[Osorio06] and the proposed design are summarized in Table 8.9.

Table 8.9 Functional comparisons of [Osorio06] and the proposed design

Function difference [Osorio06] This design
Binarization for non-residual SE No Yes
CtxldxInc calculation (context Only support for Full support for all
model selection) for regular bins SCF, LSCEF, level types of SE
Additional bin pairing process for Yes No
non-residual SE in the host
processor
Input of residual coefficients per 16 cycles, degrade 1~16 cycles, lower
4 x4 residual block actual throughput input delay
Context model initialization No Yes

P8x8 RDO coding modes No Yes
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For non-residual SE and CBF processing of [Osorio06], binarization, bin pair
preparation, and context model selection are assumed to perform by the host proces-
sor. As discussed in the instruction-level analysis of CABAC encoding of Chap. 4,
these operations take up from 23.5 to 47.2% of total CABAC encoding instructions
in CIF format coding. To enable data pairing operation in [Osorio06], computation
cost on the host processor is even higher, and CABAC encoding speed is limited
by the speed of host processor. In comparison, these operations are moved to the
CABAC hardware encoder in the proposed design, and the host processor is mainly
used to send output SE packets.

In this design, coefficients of 4x4 residual block generated in host processor
are sent to CABAC encoder by run-level pairs. It reduces the average input delay
of residual block compared to [Osorio06], especially in high QP coding, in which
the ratio of non-zero residual coefficients are low. In [Osorio06], 16 cycles are
required to input each residual 4 x4 block regardless of block types and coding QP,
which is significantly longer than that of the proposed design in high QP coding.
In [Osorio06], the encoder stalls and the throughput is degraded when the ratio of
zero coefficients in the residual block is high, because not enough residual bin pairs
can be generated for the BAC stage. This situation does not occur in the proposed
design. Design [Osorio06] can support non-P8 x 8 RDO coding mode. However, the
support of P§x8 RDO coding is critical to the accuracy of motion estimation of
H.264/AVC. Compared to [Osorio06], the proposed design supports complete SE
encoding function including context model selection, provides complete supports of
RDO including P8 x8 RDO coding, and reduces computation on the host processor
and bandwidth of system bus to the minimum.

8.3.3.2 Context RAM Access Efficiency

Design [Osorio06] allocates a small cache of 4-linex4-context model to reduce
RAM access delay. It focuses on the efficient context access scheme for the residual
SEs. Thus, the context access performance of residual SEs of [Osorio06] and this
paper can be compared. In Fig. 8.6, average numbers of context RAM access for
each CIF frame coding in the GOP of I, P, and B of the two designs are compared.
Although 16 context models are buffered in both designs, the context RAM access
efficiency differs in various QP ranges and in RDO-off mode (Fig. 8.6a) and RDO-
on mode (Fig. 8.6b), and the context RAM access numbers of two designs in QP
12-28 are listed in Table 8.10.

In RDO-off coding, the averaged RAM access efficiency of [Osorio06] is a little
better (with lower access number) in the low bit-rate range (high QP from 20 to
32) for one GOP coding in the whole QP range. It is because two cache lines are
allocated to store the context models of CBF, and the 1st encoding level coefficient,
and the RAM access of these two types of SE are reduced. However, in the high bit-
rate range (low QP from 12 to 20), the RAM access performance of the proposed
design is better, because it is more efficient to access context models of significant
map, and large level values using wider context line of 8 models instead of 4 models
per cache line in [Osorio06]. Because this CABAC design is targeting high quality



160 8 Power Reduction Strategies, MBIST, and Design Performance Comparison

and high bit-rate coding, it is beneficial to have lower RAM access frequency in this
QP range. Table 8.10 also shows that average context RAM access efficiency of the
proposed design is better (7.1% reduction) for intra frame coding in RDO-off mode.
It is because percentage of non-zero residual coefficients of residual block is larger
in intra frame coding, and it is beneficial to use large context line to reduce RAM
access of context models significant map and levels.

In full RDO-on mode, the context RAM access frequency of the proposed design
is significantly lower (better) in QP range, as shown in Fig. 8.6b and Table 8.10.
It is because in the RDO-on mode of [Osorio06], the two cache lines containing
context models of CBF and 1st level coefficient need to be fetched from RAM to
restore the context state after coding of each RDO mode, which causes additional
RAM accesses. On the average of one GOP coding, 27.6% of context RAM access
operations are reduced compared to [Osorio06] in RDO-on coding, and 28.7% of
access can be reduced for intra frame coding.

In general, small cache based context access scheme of [Osorio06] is more effi-
cient in low bit-rate RDO-off CABAC coding, while the proposed context access
scheme with larger context line buffers is more beneficial in high bit-rate coding
and RDO-on. Operation delay of context state backup and restoration in P8 x8 RDO
coding and related context RAM size are not comparable because the operation is
not supported in [Osorio06].

8.3.3.3 SoC-Based CABAC Encoder IP

Compared to [Osorio06] and most other reported designs, system bus interfaces
(WISHBONE compatible) are integrated in the proposed CABAC encoder to
improve the portability and reusability of the encoder in the further SoC-based video
codec systems. The data transfer rate at WISHBONE system bus interfaces of the
proposed design is related to the CABAC coding mode, video resolution, frame
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Fig. 8.6 Average context RAM access number per frame of residual SEs in [Osorio06] (compared
design) and this design in CIF frame coding for QP 12-32. The access numbers of RDO-off coding
and RDO-on coding are shown in (a) and (b), respectively
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rate, and compression ratio. In video coding test of the proposed encoder, to sup-
port RDO-off coding at 16 Mbps bit rate, input data rate to the encoder is 5.8 M
packet/s, and output data rate is 1.9 M packet/s. Data transfer on the system bus and
data packet output rate from the host are very low. Output bit packets can be sent
to destination memory space directly with very low-complexity control from the
host processor. To support full RDO-on mode coding of the same video sequence at
328 MHz post-layout clock frequency, input data rate is 97.3 M packet/s, and output
RDO rate is 11.3 M packet/s.



Chapter 9
Conclusions

In this book, the entropy coding tools adopted by the H.264/AVC video compression
standard are presented in both algorithms and VLSI architectures.

In part A, introduction to the background on video compression, including
entropy compression is provided. Introduction to the CAVLC and CABAC algo-
rithms and their respective realized VLSI architectures are also discussed in details
in part A.

In part B, design and implementation of a high-performance CABAC encoder
targeting the Main profile of H.264/AVC video coding standard has been con-
ducted. The main purpose of this work is to accelerate the serial CABAC encoding,
and remove the bottleneck of the H.264/AVC entropy encoding by hardware IP
(intellectual property) design of CABAC encoder, which can support the following
important design features: functional completeness of CABAC encoding of SE, high
coding throughput, SoC-based IP design with enhanced reusability and portability,
complete functional support of rate-distortion optimization (RDO), efficient context
model access, and low power consumption.

The major design advantages of the proposed CABAC encoder IP and contribu-
tions are summarized as follows.

1. Full-hardware CABAC Encoding of Syntax Elements (SEs)

Compared to most reported designs, the proposed CABAC encoder fully sup-
ports all 3 steps of SE encoding: binarization, context modeling, and binary
arithmetic coding (BAC). The most complex CABAC encoding algorithm —
context model selection of context modeling is completely designed in hard-
ware that supports single cycle selection of all categories of context models.
The benefits of full-hardware SE encoding include: (1) computation complex-
ity on the host processor of the video codec system is significantly reduced for
the preparation of CABAC input data, and the data transfer bandwidth on the
system bus is also reduced; (2) the bottleneck of CABAC encoder data input is
removed, because when context model selection is calculated on the host pro-
cessor HW encoding is paused and throughput of the top-level CABAC encoder
is degraded; (3) reusability of the hardware CABAC encoder IP is enhanced
and integration complexity of the encoder in high-level video codec system is
significantly reduced.

X. Tian et al., Entropy Coders of the H.264/AVC Standard, Signals and 163
Communication Technology, DOI 10.1007/978-3-642-14703-6_9,
© Springer-Verlag Berlin Heidelberg 2011
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2. Complete Solution of CABAC Encoding in RDO Coding Modes
Compared to all reported designs, the proposed CABAC encoder is the only
design (to date) that solves the difficulties to develop RDO functions in CABAC
encoder design with the approaches of allocating small RAMs to record interme-
diate context states, pipelined context state backup and restoration, multiplexing
of bit backing and RDO rate accumulation, local buffering of best mode SE
states, etc. It fully supports RDO related functions, including RDO coding rate
generation and elaborate operations of backup and restoration of CABAC cod-
ing states including state of context models, state of coding interval of BAC, and
state of coded SEs for the context model selection. RDO is one of the key tech-
niques that enhances the coding efficiency of H.264/AVC, and support of RDO is
significant to the CABAC encoder design to further expand the application fields
of the design, because RDO is indispensable in the high-quality high-definition
video coding applications such as HDTV and movie studio encoding systems.

3. High and Constant Encoding Speed
Several design strategies are explored and applied in the proposed encoder
to reduce data dependency of CABAC encoding steps and improve encoding
speed (in terms of throughput x clock frequency) of the CABAC encoder.
Full pipelined architecture of bin encoding is designed that can process 1 bin
packet/cycle. Functional partitioning of encoding pipeline stages of bin packet
generation, context model access, coding interval subdivision and renormal-
ization, and bit packing efficiently removes the data dependence of the three
sequential coding steps: (1) access of context models from context RAM, (2)
binary arithmetic coding, and (3) bit packing and bit stream output. Insertion
of FIFO buffers in the encoding flow enables parallel processing of SE binariza-
tion, complex context model selection, and bin encoding pipeline, and efficiently
removes pipeline bubbles of CABAC encoding. With the adoption of FIFO
buffer insertion and pipelined coding structure, constant encoding throughput
is ensured in different video coding configurations, compared to the variable
throughput of [Osorio06] and [Liu0O7a]. In addition, circuit critical path is sig-
nificantly reduced and higher encoder clock frequency is achieved, compared to
most reported designs. The encoding pipeline throughput of 1 bin/cycle and post
layout circuit clock frequency 328 MHz using 0.13 pwm TSMC process is suit-
able for HDTYV real time encoding in RDO-off mode, and CIF real time encoding
in RDO-on mode.

4. Efficient Context Model Access
An efficient context model access scheme of CABAC encoder is also proposed
in this book, including techniques of context line access and buffering, con-
text memory reallocation, and pipelined context model B&R operation in P§x 8
RDO coding. Context memory size is reduced to 16.0% of [Nunez06]. Context
RAM read and write access frequency in both RDO-off and RDO-on coding
modes are significantly lower than [Nunez06]. Context state backup and restora-
tion operation delay of P§ x 8 RDO coding mode is 15.5 and 16.6% of [Nunez06]
in P and B frame coding tests, while the operation of non-P8 x 8 coding is saved.
With the reduction of memory access frequency, power consumption of context
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RAM blocks is also reduced. Compared to the cache-based context model access
of [Osorio06], context model access frequency of the proposed design is signif-
icantly lower in RDO-on mode, and the timing delay of cache miss data fetch is
avoided.

5. Low Power Encoder Design
Compared to most reported designs, the proposed encoder is a low power
design with power reduction techniques applied including clock-gating and con-
text RAM access frequency reduction. Power consumption of HW CABAC
encoder is efficiently constrained and total power consumption of CABAC
encoding on the host processor and HW encoder is significantly lower com-
pared to the reported designs. Therefore, proposed encoder is also suitable for
portable and mobile applications, in which power consumption is a critical
design consideration.

6. Other Advantages of the Proposed CABAC Encoder
The proposed encoder achieves fastest context model initialization with pro-
cessing throughput of 4 context models per cycle during slice initialization.
Lowest operation delay of slice initialization is achieved compared to reported
designs, which can be attributed to the parallel and pipelined circuit architec-
ture. MBIST circuit insertion is also attempted for the context RAMs and ROMs
of the encoder with simplified interface testing signals and self-test procedure,
which can be applied in the further system integration and ASIC fabrication
procedures to enhance testability of the proposed IP.

To summarize, a full-hardware high-performance low power SoC-based CABAC
encoder IP is designed in this book utilizing different design strategies to achieve
complete function features, high and constant coding throughput, and improved
reusability and portability. This design is verified, synthesized, and laid out at the
GDS-II stage, and post-layout speed is suitable for the video applications of real
time CIF coding in RDO-on mode and HDTV coding in RDO-off mode.

Several design strategies utilized for the proposed CABAC encoder of this book
can be further utilized in the similar R&D projects. The strategies include:

e Widely used pipeline architectures in the operations of bin encoding, context
state backup and restoration, and context model initialization that enhance data
processing throughput and reduce operation delay.

e Strategies of data prefetch and pre-calculation to reduce data dependency, oper-
ation delay, and critical path length, such as prefetch of context model from
context RAM, pre-calculation of possible values of Range; ps and pre-calculation
of context model selection that require access of coded SEs of neighboring blocks.

e Reduction of RAM access frequency for the operations that require frequent
memory access, utilizing design strategies including context line access and local
buffering, context memory reallocation, etc.

e Strategy of proper top-level functional partitioning with FIFO buffer insertion
that enables parallel data processing of original sequential coding stages.
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The design strategies utilized in the proposed CABAC encoder can be referenced
in the designs that are of serial data processing nature, require frequent memory
access, or have strong data dependency, such as statistical codec designs including
CABAC decoder and CAVLC codec of H.264/AVC and statistical (entropy) codec
design of JPEG2000, or other similar data processing codec designs.

Although the proposed CABAC encoder is designed targeting the Main profile of
H.264/AVC standard, it can be easily scaled to the higher profiles. Additional area
is required for the memory storage of context models and control logic circuits for
encoding of 8 x 8 transform coefficients. Similar design architectures and functional
partitioning scheme can be utilized and adopted for the future CABAC decoder
design.

Future research directions of CABAC encoder design can be: (1) Throughput
enhancement of context-dependent SE coding with multiple bin per cycle coding
throughput, which is more difficult than residual SE acceleration; (2) Acceleration
of the current RDO coding scheme by reducing pipeline filling and empty delay
of each RDO mode; (3) Parallel CABAC coding using multiple independent pro-
cessing units of ASIC cores or general multiple core processors, which is a tradeoff
between coding acceleration and compression efficiency, and it is not compatible to
the current H.264 standard.
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