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Abstract—The H.264/AVC Intra Frame Codec (i.e. all frames are
coded as I-frames) targets high-resolution/high-end encoding ap-
plications (e.g. digital cinema and high quality archiving etc.),
providing much better compression efficiency at lower computa-
tional complexity compared to MJPEG2000. Moreover, in case of
video coding of very high motion scenes, the number of Intra
Macroblocks is dominant. Intra Prediction is a compute intensive
and memory-critical part that consumes 80% of the computation
time of the entire Intra Compression process when executing the
H.264 encoder on MIPS processor [13]. We therefore present a
novel hardware for H.264 Intra Prediction that processes all the
prediction modes in parallel inside one integrated module (i.e.
mode-level parallelism) enabling us to exploit the full space of op-
timization. It exhibits a group-based write-back scheme to reduce
the memory transfers in order to facilitate the fast mode-decision
schemes. Our Luma 4x4 hardware is 3.6x, 5.2x, and 5.5x faster
than state-of-the-art approaches [13], QS0 [14], and [15], respec-
tively. Our results show that processing Luma 16x16, Chroma
8x8, and Luma 4x4 with the proposed approach is 7.2x, 6.5x, and
1.8x faster (while giving an energy saving of 60%, 80%, and
74%) when compared with Dedicated Module Approach [13]
(each prediction mode is processed with its independent hard-
ware module i.e. a typical ASIC style for Intra Prediction). We
get an area saving of 58% for Luma 4x4 hardware.

I.  INTRODUCTION AND MOTIVATION

The Joint Video Team (JVT) of ISO/IEC MPEG and ITU-T VCEG
developed the advanced video coding standard H.264/AVC [1]. It
provides a bit rate reduction of 50% as compared to MPEG-2 with
similar subjective visual quality [8]. This improvement comes at the
cost of additional computational complexity (~10x relative to MPEG-
4 simple profile [9]), which is mainly due to the enhanced prediction
part. Each Macroblock (MB, i.e. 16x16 pixels) in a video frame is
predicted either by the neighboring MBs in the same frame, i.e. Intra-
Predicted (I-MB) or by an MB in the previous frame, i.e. Inter-
Predicted (P-MB). In case of Inter Prediction, this complexity cor-
responds to enhanced Motion Estimation up to quarter pixel accuracy
for variable block sizes and multiple reference frames. Due to the
heavy computational load, Motion Estimation and Motion Compensa-
tion have always been the focus of research for area-/energy-efficient
solutions [18, 19]. However, in case of high motion scenes, the Mo-
tion Estimator normally fails to provide a good match' thus resulting
in a high residue (pixel-difference of current MB and the prediction
data) and for a given bit rate this deteriorates the encoded quality. In
this case, Intra Prediction serves as an alternate by providing a better
prediction, i.e. reduced amount of residues.

We have conducted a detailed analysis of various test video se-
quences ([5], [6]) with diverse motion characteristics. Fig. 1 shows
our study for encoding three high motion video sequences (rafting,
rugby, and football) with H.264 encoder software [4]. It is apparent
from the figure that in case of high motion the number of I-MBs is
significantly higher than that of P-MBs, thus shifting the processing
load to the Intra Prediction path. However, Intra Prediction requires
different hardware than Inter-Prediction. Unlike previous video cod-
ing standards, an I-MB requires many complex prediction modes
(four modes for 16x16 block type and nine modes for 4x4 block
type). Processing multiple /ntra Prediction modes hampers the en-
coder to meet performance constraints (e.g. in case of high motion
scenes), thus stimulating the need for a fast hardware solution.

' an MB with minimum block distortion, i.e. Sum of Absolute Differences (SAD)
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These multiple /ntra Prediction modes also significantly improve
the compression ratio of an H.264 Intra Frame Codec that targets
high-end encoding applications, e.g. digital cinema etc. An alterna-
tive in this case is the MJIPEG2000* [2] that uses Discrete Wavelet
Transforms (DWT) and Arithmetic Coding. Several studies (e.g. [10],
[13]) show that H.264 Intra Prediction modes outperform MJPEG
2000 in terms of both subjective (visual appearance) and objective
(Peak Signal to Noise Ratio, PSNR) video quality. Ref. [13] shows
that H.264 Intra gives 0.1-1.8 dB? better PSNR than JPEG2000. The
ratio of the decoder complexities for JPEG, JPEG2000, and H.264 In-
tra Frame Codec is about 1:10:2. Better quality and reduced com-
plexity make H.264 Intra Frame Codec a more attractive solution for
high-end applications than MJPEG2000. Moreover, due to its block-
based processing, H.264 is more hardware-friendly.
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Fig. 1: Distribution of I-MBs in Slow-to-Very-High Motion Scenes
(Test Conditions: IPPP..., CAVLC, QP=28, 30fps)

Summary: Intra Prediction is the major processing bottleneck when
considering: a) Intra Frame Coder for high-end encoding applica-
tions and b) hectic motion scenes with high number of I-MBs. Intra
Prediction may consume up to 80% time of the Intra Compression
process when executing the H.264 encoder on MIPS processor [13].

Although, the recent research on H.264 Intra Prediction has fo-
cused on efficient hardware designs ([12], [13]), related work process
each prediction mode individually. Thus, it does not exploit the full
space of optimization and parallelism between the different Intra
Prediction modes. Fig.2 shows three well-known hardware ap-
proaches along with our Combined Module Approach to generate
predictors for Luma 4x4. The first one is RISC like, which is area ef-
ficient but requires high frequency to meet the real-time performance
requirements. The Reconfigurable Module Approach (as in [12] and
[13]) provides a faster solution than RISC. It uses reconfigurable pre-
dictor generators that exploit inherent parallelism within one predic-
tion mode. However, it processes modes sequentially thus still re-
quires a relatively higher frequency. Moreover, it suffers from over-
head of configuring the hardware for different prediction modes. The
third possibility is the Dedicated Module Approach that uses nine dif-
ferent hardware modules, each processing an individual Luma 4x4
prediction mode to generate the required predictors. Although it
overcomes the performance limitation of earlier two approaches by
processing all the modes in parallel, it suffers from increased area.
Moreover, as it processes each mode using a dedicated module it
cannot exploit the reusability within different prediction modes.

In contrast to the above presented three approaches, we propose a
novel fast approach for Intra Prediction (the so-called Combined
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2 MIPEG2000 is a video adaptation of JPEG2000 image-coding standard [3]. It

treats a video stream as a series of still photos, compressing each individually.

For low-to-high bit rates, a loss of 0.5dB in PSNR results in a small visual
quality degradation (corresponding to 10% reduced bit-rate) [11].
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Module Approach) that provides a compromise between Reconfigur-
able and Dedicated Module Approaches. It computes all the predic-
tion modes in parallel using a single integrated module. Thus, it is
able to fully exploit the optimization space both within and across
different Luma 4x4 Prediction Modes (as we will see in Section
IV.A). Due to this reason, our approach for Luma 4x4 achieves a sig-
nificant area saving. However, Luma 16x16 and Chroma 8x8 have
less number of modes than Luma 4x4, out of which Plane Mode is the
most complex one. Therefore, we give the area saving of Luma 4x4 to
Plane Mode to get higher performance than Dedicated Module Ap-
proach. Summarizing, on overall basis, our Combined Module Ap-
proach provides a compromise between area and frequency.
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Fig. 2: Four approaches for Intra Luma 4x4 Predictor Generation with re-
quired frequencies to meet the real-time requirements of HD 1280x720 videos

In order to facilitate fast mode-decision schemes e.g. [17], we pro-
pose a group-based controlled write-back scheme where different
modes are grouped depending upon their prediction direction and
processing behavior. The prediction result of a group (selected by fast
mode-decision scheme) is written into the memory. Additionally, we
integrate a performance-/power-controlled Sum of Absolute (Trans-
formed) Differences (SA(T)D) module in our Intra Prediction archi-
tecture to select the best prediction mode. We have benchmarked our
proposed scheme against Dedicated Module Approach (Fig. 2C) and
several state-of-the-art Intra Prediction schemes ([12]-[15]). We eva-
luated its performance on two processing platforms using various test
video sequences. For Luma 4x4, our approach achieves a speedup of
3.6x, 5.24x, 5.52x compared with [13], QSO [14], and [15], respec-
tively. For Luma 4x4, our Combined Module Approach gives an area
saving of 58% compared with Dedicated Module Approach. We give
this area saving to Plane Mode to get a speedup of 7.2x and 6.5x for
Luma 16x16 and Chroma 8x8, respectively.

Our novel contributions:

e A novel Intra Prediction hardware (Section IV) with parallel
processing of nine modes of Luma 4x4 (Section IV.A) and four
modes of Luma 16x16 and Chroma 8x8 (Section IV.B).

e A group-based controlled write-back mechanism for Luma 4x4
and SA(T)D bypass for Luma 16x16 and Chroma 8x8 to facili-
tate fast mode-decision schemes (Section IV.A).

o A performance-/power-controlled SA(T)D module (Section IV.C).
Section III presents an overview of the H.264 Intra Prediction
process. In Section V, we present the evaluation of our proposed ap-
proach from Section IV for different processing platforms using mul-
tiple video sequences and comparison with state-of-the-art /ntra Pre-
diction approaches. We conclude in Section VI.

II.  RELATED WORK
Previous approaches like [12], [13], and [16] have mainly concen-
trated on offering either fast hardware for processing one prediction
mode at a time or pipelining the prediction process with reconstruc-
tion. However, due to the limitations in their architectures, these ap-
proaches compute prediction modes mainly on individual basis, thus
offer a limited performance improvement.

A fast Intra Prediction hardware for Xilinx Virtex-II FPGA is pre-
sented in [12] that can process 27 VGA frames (640x480) per second
using two data paths. It stores the intermediate results in first-stage
registers that are then used for calculating the final prediction values.
Ref. [13] presents an Intra Encoder that incorporates four reconfigur-
able data paths operating in parallel to calculate 4 values of a certain
prediction mode. Ref. [14] provides a quality scalable Baseline Intra
Encoder where a set of chosen modes is processed for Intra Predic-
tion. An Intra Pixel Generator is provided to generate prediction val-
ues for different cases. A shared mechanism is proposed to reduce the
redundancies within a mode. This approach suffers from quality de-

gradation and operates in a sequential way thus limits parallel mode-
computation. Ref. [15] reduces the complexity of computation by
eliminating Plane Mode for Luma 16x16 and Chroma 8x8 and adopts
DCT for mode decision. It causes apparent quality drop. Ref. [16]
proposes a pipelined approach for Intra Prediction with the recon-
struction of the previous block by using a processing order that re-
duces the dependencies between consecutively executed blocks. Ref.
[20] changes the computation sequence of 4x4 luminance prediction
to remove the waiting time between 4x4 sub-blocks' predictions.

Our work is different from the previous approaches in several as-
pects: In contrast to [12]-[15], our approach exploits the optimization
space across all prediction modes (e.g. 9 modes in Luma 4x4). Unlike
[12] our proposed scheme does not require intermediate storage reg-
isters. Instead of pipelining the Intra Prediction, we process Luma
and Chroma in parallel. In contrast to [13] and [14], we have a com-
bined Sum of Absolute (Transformed) Differences module that can
switch between SATD and SAD depending upon performance con-
straints. Due to all these distinctions, our approach achieves a per-
formance gain of 3.6x, 5.24x, 5.52x compared to [13], QSO0 [14], and
[15], respectively. Before moving to the actual contribution, we will
now present an overview of the Intra Prediction process in H.264.

III.  OVERVIEW OF H.264 INTRA PREDICTION PROCESS
H.264 Intra Prediction uses the spatial correlation with neighboring
MBs i.e., a prediction block is formed from the pixels of previously
reconstructed MBs. Intra Prediction of H.264 has been enhanced
with multiple directional prediction modes, which minimize the pre-
dictive error signal. For the Luminance (Luma, Y) component of an
MB, the prediction may be formed for each 4x4 sub-block using nine
prediction modes or for the complete MB (i.e. 16x16) with four pre-
diction modes. The Rate Distortion based Coder Control incorporates
a mode-decision algorithm to compare different prediction modes of
4x4 and 16x16 and selects the best one. Intra coding block type is
highly dependent on the smoothness of the block. Thus, Luma 16x16
is well suited for smooth regions, while Luma 4x4 is appropriate for
highly textured regions. Two 8x8 Chrominance (Chroma, UV) com-
ponents are predicted by the same mode (out of 4).

A. Luma 4x4 Prediction Modes
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Fig. 3: Nine Prediction Modes of Intra Luma 4x4 Block Type

Fig. 3 illustrates the nine prediction modes for Luma 4x4. Each mode
uses 13 boundary pixels (P.;-P; and Y,-Y3;) from previously recon-
structed sub-blocks for predictor (16 values) generation. However, in
some cases (e.g. MBs at the image boundary) not all of the neighbor-
ing pixels are available. Therefore, the prediction modes are modified
according to the rules defined in standard [1] to use only the available
pixels. The arrows in Fig. 3 indicate the prediction direction of each
mode. Except in modes 0-2, the predicted samples are formed from a
weighted average of the neighboring pixels (P_;-P; and Y¢-Y3).

B. Luma 16x16 and Chroma 8x8 Prediction Modes

In addition to Luma 4x4 modes, an MB may be spatially predicted us-
ing the entire 16x16 Luma component. Fig. 4 illustrates the four pre-
diction modes for Luma 16x16 where each mode generates 256 pre-
dicted pixels using Top (H) and/or Left (V) pixels. Vertical, Horizon-
tal and DC modes are similar to those of Luma 4x4 but Plane Mode



uses a linear “plane” function fitted to H and V pixels that works well
in areas of smoothly varying luminance.

Mode-0 : Vertical Mode-1 : Horizontal Mode-2: DC Mode-3 : Plane
H H H H
Y Y v| MEANH+V) | |V

Fig. 4: 4 Prediction Modes of Intra Luma 16x16 Block Type [1]

Two Chroma components are simultaneously predicted by one mode
only from (top and/or left) Chroma samples in a similar way as of
Luma 16x16 (as illustrated in Fig. 4) except the differences in block
size (i.e. 8x8) and the order of mode numbers.

C. Mode Decision

Mode decision determines the compression ratio but is not a part of
the H.264 standard and is open to the designers. The mode-decision
scheme in H.264 chooses the best MB mode by considering a La-
grangian Cost Function, which includes both Distortion and Rate.
For a given Quantization Parameter (QP) and the Lagrange Parame-
ter Mvopg, the goal of mode decision is to minimize:

JMOD[: (MBk, Ik ‘ QP, }VMODE) = DiStOlTiOn(NlBk, Ik ‘ QP)H»MODE*Rate(MBk, Ik I QP)
where the MB mode I is varied over all possible coding modes. The
Distortion is evaluated by Sum of Absolute Transformed Differences
(SATD) or Sum of Absolute Differences (SAD) between the predic-
tors and original pixels. The Rate is estimated by the number of bits
required to code the mode information.

IV.  OUR FAST INTRA PREDICTION SCHEME

Fig. 5 presents our methodology to create an optimized hardware for
Intra Prediction from the formulae specified in H.264 standard draft
[1]. First, the standard formulae are transformed into pixel processing
equations that are then processed for architecture-independent opti-
mizations under a given set of optimization rules and constraints. A
set of unique equations is extracted followed by optimizations at mul-
tiple levels (within a prediction mode and across multiple modes) to
enhance the level of operation reusability. A set of hardware parame-
ters (e.g. size of register files and memories, number of read/write
ports etc.) is considered to perform hardware level optimizations re-
sulting in a fast hardware for Intra Prediction as shown in Fig. 6.
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Fig. 5: Our Methodology to Create Optimized Hardware
for Intra Prediction from the Standard Formulae

Fig. 6 presents the overall block diagram of our proposed H.264 Intra
Prediction scheme/hardware (the main processing blocks will be ex-
plained in subsequent sections) that computes a set of prediction
modes for both Luma and Chroma. It forwards the values of a set of
prediction modes depending upon the neighbor availability condi-
tions (as specified in [1]) and/or as selected by a fast mode-decision
algorithm. Since Luma and Chroma operate on a different set of pixel
values, both paths are processed in parallel for fast execution of the
overall Intra Prediction process. The major processing modules are
PredY4x4, PredY16x16, PredUV8x8, and SA(T)D. PredY4x4 and
PredY16x16 compute nine 4x4 and four 16x16 prediction modes for
Luma, respectively. PredUV8x8 computes four prediction modes for
Chroma components and SA(T)D computes the distortion cost that is
then compared to get the best mode. The residue of the best mode is
forwarded directly to the DCT and the prediction information is
stored in Prediction Buffers for the later Reconstruction stage.

The data is loaded into the reconstructed and current MB buffer
from the main memory. The Address Generation Unit (Fig. 6) gene-
rates the addresses and the appropriate data is forwarded to the cor-
responding module for calculating the prediction data. As the predic-
tion is performed for Luma and Chroma components in parallel, we
do not use one big scratch-pad memory. Rather, multiple small inde-
pendent buffers for each prediction module are used. These buffers
are clock-gated register files (for simplicity the gating is not shown in
the diagram) that can be switched off separately in case they are not
used e.g. if fast mode-decision decides to process only 16x16, then

the buffer and prediction module for Luma 4x4 will be switched off.
For Luma 4x4, reconstructed pixels of 4 neighboring (left, top, top-
left, top-right) sub-blocks are stored in the reconstructed buffer that
corresponds to 4 32-bit registers. For Luma 16x16 and Chroma 8x8 it
corresponds to 12 and 2x6 (U and V) 32-bit registers, respectively.

ook Generation Unit

Luma
Controller

Current MB

fer
(96x32 bits)

T

1

UV DATA

PredY4x4
Nine Modes

L( (Section 4.1)

PredY16x16
Four Modes
Lt (Section 4.2)

Luma
Residue
Luma

Prediction

Recon. Buffer
4x4 Luma Y
(4x32 bits)

SA(T)D
(Section 4.3)

MAIN MEMORY

»| Recon. Buffer
16x16 Luma Y
(12x32 bits)

(64x32 bits)

Level-2
Luma-Chroma
Controller

Chroma

Recon. Buffer Residue

8x8 Chroma U <
(6x32 bits)

Recon. Buffer ©

8x8 Chroma V/

(6x32 bits) w

Chroma

PredUV8x8
" Prediction

Four Modes
(Section 42)

(16x32 bits)

(Section 4.3)

Fig. 6: Hardware Architecture of our Proposed Parallel
Intra Prediction Scheme for Luma (Y) and Chroma (UV)

Three Controllers are used to support fast mode-decision techniques.
Since Luma block type (4x4 or 16x16) depends upon the image sta-
tistics (smoothness, texture etc.), our proposed scheme processes ei-
ther 4x4 or 16x16 (i.e. only one case but not both). The output of
Luma 4x4 is selectively written back in memory depending upon their
prediction types (as we will see in Section IV.A). In case of Chroma,
although U and V components can also be processed in parallel but
due to their smaller data size (thus less computation) it is sufficient to
use only one prediction module for both U and V. The prediction and
current MB data is then forwarded to SA(T)D module that computes
the distortion cost and compare different modes to select the best /n-
tra Prediction Mode for Luma and Chroma. In case of fast mode-
decision, if only one mode for Luma or Chroma is processed,
SA(T)D processing is bypassed. The residue and prediction of the
best mode are then forwarded for Transform and Reconstruction, re-
spectively. Note: Mode-decision algorithms are not the focus of this
paper. We will concentrate on the major processing blocks of Fig. 6
along with the corresponding optimizations (for improved perfor-
mance and/or reduced hardware) in the subsequent sections.

A.  Fast Hardware for Nine Prediction Modes of Intra Luma 4x4
1. For 16 4x4 sub-blocks each with x,y = 0..3

2. // Mode-3: Diagonal-Down-Left (DDL)

3. If (p/[x,-1] with x =0..7 are available) Then

4. If (x==3) and (y==3)) Then

S. Pred4x4[x, y] = (p[6,-1]+3*p[7,-1]+2)/4;

6 Else

7. Preddxdlx, yl = (plxty,-11+2#plxty+1 -1 [+plcty+2,-11+2)/4;
8. End If

9. EndIf

10. // Mode-7: Vertical-Left (VL)

11. If (p[x,-1] with x =0..7 are available) Then

12.  1If ((y==0) or (y==2)) Then

13. Pred4x4(x, y] = (p[x+(y/2),-1]+p[x+(y/2)+1,-1]+1)/2;

14. Else

15. Pred4x4[x, y] = (p[x+(y/2),-1]+2*p[x+(y/2)+1,-1]
+p[x+(y/2)+2,-1]+2)/4;

16. EndIf

17. End If

18. End For

Fig. 7: Standard Equations for Group-C (DDL and VL)
of Intra Luma 4x4 Prediction Modes

Fig. 7 presents the standard equations for Diagonal-Down Left (DDL)
and Vertical Left (VL) modes (Group C in Fig. 3) of Intra Luma 4x4
(for other modes see section 8.3 of [1]) where [X,y] represents the
pixel position in a 4x4 sub-block and Pred4x4[x,y] is the prediction at
[x,y]. In the first step, all the standard formulae are expanded to form
the Intra Prediction equations in terms of pixel values. The equations
for six Directional Modes of Luma 4x4 are shown in Table 1. Vertic-
al and Horizontal (Modes 0, 1) are merely assignment while DC
(Mode-2) is a simple average of top four and left four reconstructed
pixels. After carefully analyzing the equations in Table 1, we noticed
that there is a huge potential in reusing the intermediate results of



compound equations that will ultimately minimize the hardware area.
In the second step, we sorted all the equations of Table 1 to find out
the set of unique equations (e.g. the Mode-3 entries corresponding to
'01' and '10" are same). For these six directional modes, the total
number of equations after the expansion of standard formulae is 96,
which results in 24 unique equations i.e. only 25% of the total equa-
tions. There are 59 Add and 36 Shift operations in these 24 equations.

TABLE 1: PREDICTION EQUATIONS FOR SIX
DIRECTIONAL MODES OF INTRA LUMA 4x4

Xy | Mode-3:DDL | Mode4 :DDR Mode-5 :-VR Mode-6 :HD Mode-7 :-VL Mode-8 :-HU
00 [(Pi+2P+Py+2)/4 |(P+2P.+Y+2)/4 |(P.+Pet1)2 (P+Yt1)2 (PotPrH1)/2 (YotY )2
01 |(P+2P+Ps+2)/4  |(P+2Y+Y +2)4 |(Yot2 P 4+Pet2)4  |(Yo+Y +1)2 (Py+2P+P42)/4  |(Y+Y,+1)2
02 [(P2P5+P,+2)4  [(YH2Y +Y+2)/4 |(Y 2o+ P +2)/4 (Y +Y,+1)2 (P +P,+1)2 (Y, +Y5+1)2

03 [(P+2P+Ps2)4 |(Y 2V, Y5#2V4 [(Yo2Y HY 204 |(YotYst)2 (P +2P,+P2)4 |Y,

10 |(P+2P+Py12)/4 (P 12PHP42)4  |(Py+Prt1)2 (Y2P+Ps2)4 |PP,+1)2 (Yo 2Y Y204

11 |(P+2Ps+P+2)/4 |(Pt2P.+Y2)/4 |(P.+2PGtP+2)/4  |P.H2Yi+Y +2)/4 |(P2P+Ps+2)4 |(Y+2Y,Y5+2)/4

12 |(P;+2P+Ps+2)/4  |(PH2Y+Y +2)/4 |(P+PyH+1)2 (Yot2Y +Y4+2)/4 |(Py+P5+1)/2 (Y +3Y3+2)/4

13 |(PA2PsHPs+2)/4 (Yo 2Y +Yo+2)/4 [(Yot2P +Pet2)4 (Y +2Y,+Y5+2)/4 |(Py2Ps+P+2)/4 Y,

20 |[(P+2P,+P2)4 |P2P+P2)4  |(PrPyH1)2 (Pi+2PG+P,+2)/4  |(PyP5+1)2 (Yi+Y+1)2

21 |(PsH2P+Ps+2)/4 |(P+2Pi+P+2)/4  |(Py+H2P+P;+2)/4  [(P+Yt1)2 (P, +2P5+P,+2)/4  |(Yo+Y5+1)2

22|(P+2P+P2)4 |P2P Y24 |(PytPi+1)2 (Yo +1)2 (Ps+P+1)2 Y,

23 |(PsH2Ps+P+2)/4 (P +2Y Y +2)4 |(P+2PtP+2)4  [(Y +Y,+])2 (Py+2P+Pst2)/4 Y,
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fast mode-decision, we save memory write operations by providing a
group-based write-back scheme. Depending upon the prediction di-
rection, nine Luma 4x4 modes can be organized in five groups
(Fig. 3). Since the brightness flow or texture direction of the neigh-
boring sub-blocks is correlated, the possible prediction will be in one
direction and not in multiple directions. Therefore, considering that
fast mode-decision schemes make an initial decision about the possi-
ble mode, it will be in one direction of texture and not in opposite di-
rections. The proposed data path in Fig. 8 calculates all the modes in
parallel and writes back the result in the buffer depending upon the
output of three controllers that operate at two levels. The Initial Stage
incorporates only a Luma Controller that uses 1-bit control signal to
decide either to process four Luma 16x16 or nine Luma 4x4 modes.
At the Refinement Stage of mode-decision, Luma 4x4 Controller uses
a 5-bit control signal to decide that output of which group (out of 5)
is forwarded to SA(T)D module. The Luma-Chroma Controller uses
a 4-bit control signal to determine the processing mode (out of 4) for
Luma 16x16 or Chroma 8x8. As 4x4 sub-blocks of the current MB
may use the reconstructed pixels of other sub-blocks in the same MB,
the reconstructed pixels of the current sub-block are stored in the Re-
construction Buffer.

B.  Fast Hardware for Intra Luma 16x16 and
Intra Chroma 8x8 Prediction Modes

33[(Pt3P 204 |Pr2P Y24 [(Pyt2P P4 |[(Yor2Y HY 1204 |(P2PstPe2)4 Y,

After finding the unique equations, the computational order inside
these unique equations is rearranged to exploit maximum redundan-
cy. For this, we changed the sequence of processing (e.g. shifted the
rounding value in the early stage of computation) while keeping the
compliance to the standard. Fig. 8b shows the step-by-step procedure
for a set of selected equations (multiple equations share this style of
optimization). After these optimization steps, an optimized data path
(Fig. 8a) is obtained that only requires 33 Add and 25 Shift opera-
tions. It corresponds to a saving of 44% and 30% for Add and Shift
operations (compared to 59 Add and 36 Shift in 24 unique equations),
respectively. The output of the proposed data path (Fig. 8a) shows 24
results that are the required prediction pixels for Intra Luma 4x4. If
both the left and top neighboring blocks of a Luma 4x4 sub-block are
available, [12] calculates 12 common parts while we compute 22
common parts i.e. 83.33% more. Note: These optimizations are
equally good for software implementation (i.e. GPP, DSP etc.).
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Fig. 8: Parallel processing of Intra 4x4 Luma Prediction Modes
(a) Optimized Data Path (b) Optimization Steps
Group-Based Write-Back Scheme: In case of fast mode-decision
schemes e.g. [17], we may have to suffer from some extra processing
but it highly depends upon which mode is selected. As write-back is a
costly operation (nine Luma 4x4 modes require 36 cycles®), in case of

Nine Luma 4x4 modes require storage of 144 predictors (36 32-bit stores). It corres-
ponds to 36 cycles considering two 32-bit store units each requiring 2 cycles.

// Mode-3: Plane

If (p/x,-1]and p[-1,y] with x,y=0..7 are available) Then
H=%(x"+1)*(p[4+x',-1]-p[2-x',-1]), for x'=0..3
V=X(y'+1)*(p[-1,4+y']-p[-1,2-y']), for y'=0..3
a=16%(p[-1,15 [+p[15.-1])
b=(5*H+32)>>6
c=(5*V+32)>>6

// ClipY is the function to check if the result is between 0 and 255
For 8x8 Chroma with x,y = 0..7

10. PredUV[x,y]=ClipY ((a+b*(x-3)+c*(y-3)+16)>>5)

11.  End For

12. End If

CRNANRWD =

Fig. 9: Standard Equations for Plane Mode of Chroma 8x8

The optimization space in Luma 16x16 is less than that of Luma 4x4.
The DC, Vertical, and Horizontal modes of Luma 16x16 and Chroma
8x8 are similar to those of Luma 4x4 except the difference in block
size and mode number. Out of four modes, the most challenging one
is the Plane Mode because it needs very complex computation, thus it
is hard to optimize especially when considering hardware implemen-
tation. The Plane Mode of Luma 16x16 is similar to that of Chroma
8x8 except the change in block size. Therefore, due to the space rea-
sons we will discuss only Chroma 8x8 and the same strategy is ap-
plied to Luma 16x16. Fig. 9 presents the standard equations for Plane
Mode of Chroma 8x8 Prediction where pixel position in a 8x8 block
is represented by [x,y], PredUV([x,y] is the prediction at [x,y], and
ClipY is the function to check if the result is in the pixel value range
(i.e. between 0 and 255).

Step-1: Extract (a+b*(x-3)+c*(y-3)+16) from Line 10
Step-2: Expand as (a+bx-3b+cy-3¢+16)

Step-3: (a-3(b+c)+16) + (bx+cy)

Step-4: X=(a-3(b+c)+16) (Fig. 11b)
Step-5: PredUV[x,y]=ClipY (X+(bx+cy))>>5)

Step-6: Fori=0..7 generate c¢; (Fig. //c) and X+b;  (Fig. 11d)

Fig. 10: Optimization Steps to Create Intermediate
Variables of Chroma 8x8 Plane Mode (Fig. 11b-d)

We have broken the processing of Plane Mode into multiple parts to
identify different points of optimization. The first part (Fig. /1a) cal-
culates two intermediate variable H and V (Fig. 9: Line 3-4). The
second part (Fig. 11b) calculates a, b, c, (Fig. 9: Line 5-7) and X (par-
tial computation from Fig. 9: Line 10). Fig. 10 shows the steps to
formulate the temporary variable X which will then be used to com-
pute the third and fourth parts (Fig. //c-d). The second, third, and
fourth parts (Fig. 11b-d) are the main compute intensive parts and are
obtained after exploiting most of the reusability. The fifth part
(Fig. 11e) performs the final addition and clipping step.

For Chroma 8x8, standard equations require 209 Additions, 136
Subtractions, 67 Shifis, and 138 Multiplications (Fig. 9). On the con-
trary, our proposed approach in Fig. 11(a-e) needs only 83 Additions,
9 Subtractions, and 82 Shifts that shows an operation saving of
68.36% compared to the standard equations. Note: all the Multiplica-



tions are replaced by Add and Shift. Our proposed data path is scala-
ble and can easily be extended to a bigger version for Luma 16x16,
which is similar to Chroma 8x8. Note: The optimizations in Fig. 11
are equally good for software implementation (i.e. GPP, DSP etc.).

PredUV[O] = CLIP(X);
For (i =110 7) PredUV[i<<3] = CLIP(X + c)
For (i =1 to 7) PredUV[i] = CLIP(Xb)
For(j=117)
B=(<<3) (e)
For(i=1t07)
PredUV[j8+ = CLIP(Xb; + C))

Fig. 11: Optimized Data Path for Intra 8x8 Chroma Plane Prediction Mode (a-
d) Intermediate Calculations (e) Loop Processing (all loops over i unrolled)

C. Performance-/Power-Controlled SA(T)D Module

Fig. 12 illustrates the Sum of Absolute (Transformed) Differences
(SA(T)D) module that computes the distortion cost of prediction
modes and compares them to choose the best mode, i.e. the mode
with the minimum SA(T)D value. The SA(T)D process is performed
at 4x4 level. Therefore, in case of Luma 16x16 and Chroma 8x8 the
core block is processed 16 and 4 times, respectively. In this case the
Accumulator (ACCU) adds the SA(T)D value for each 4x4 sub-
block, while in the case of Luma 4x4 ACCU is simply forwarding the
result to the comparator unit. The comparator checks for the best
mode and updates the SA(T)Dggst and Modeggst. For Modeggsr it
stores the result of prediction and residue. The residue data is stored
to avoid re-computation and reloading from memory. After
processing the last mode, it outputs the prediction and residue data.
As 4x4 sub-blocks of the current MB use the reconstructed values of
other sub-blocks of the same MB, we write back the reconstructed
pixels of a sub-block in the Reconstructed Luma 4x4 Buffer (Fig. 6).

4x4 SAT)D is executed | 4%4 SA(TD) ll—{ INPUT_1: 4¢4 Current Data
multiple times for Luma CLK.
1-—{ INPUT_2: 4x4 Prediction Data

16x16 and Chroma 8x8
OUTPUT

Residue and

2D 4x4
Hadamard [«
Transform

10

4x4 Residue
& .

Modegest

SA(T)D;
bitrate > 64kbps Sl

bPrediction Data
(FRrargetF Rachieved) < O Controly:
LastMode
Poweravaiible > 8 SAmBiIcY
MODEggst

Fig. 12: Performance-Power-Controlled SA(T)D Module

In contrast to state-of-the-art, our SA(T)D module offers the provi-
sion of calculation of either SATD or SAD selected by some perfor-
mance and power parameters. In case the encoder fails to meet the
performance deadlines, the Hadamard Transform (HT) block is po-
wered-off thus shifting to a SAD-based distortion cost calculation,
which is computationally lighter than SATD. When HT is powered-
off, it will additionally save energy. The conditions for selection of
SAD or SATD are shown in Fig. 12. o and 3 are two user selectable
controls/thresholds and their values depend on the type of applica-
tion. Even in case of HT our SA(T)D incorporates a 2-D HT hard-
ware which expedites the overall transformation process in contrast
to a typical 1-D HT + Transpose combination.
TABLE 2: PERFORMANCE, AREA, AND ENERGY RESULTS FOR TWO
DIFFERENT APPROACHES TO SAD AND SATD OPERATIONS

Dedicated Modules | Combined Module SA(T)D for
for SAD and SATD SAD and SATD Operations

Predictiongest

Compare

SAD SATD [ SAD Operation | SATD Operation
Performance [Cycles] 89 153 10 | 14
Area [pn] 5,084 | 19,800 119,040
Eneray [pWs] 111.65 | 6438 112.95 | 328.26

Table 2 shows the performance, area, and energy results for two indi-
vidual dedicated SAD and SATD modules along with the benefit of
our combined SA(T)D module. Our results show that independent
SAD and SATD modules consume 89 and 153 cycles, respectively.
After loop unrolling and 2-D HT optimizations, our SA(T)D module
takes 14 and 10 cycles (i.e. 10.92x and 8.9x faster) for SATD and
SAD operations respectively at the cost of a bigger area and achieves
an energy saving of 49% as shown in Table 2.

V.  EVALUATION AND RESULTS

To validate our approach we have deployed various Common Inter-
mediate Format (CIF: 352x288) and Source Input Format (SIF:
352x240) resolution video sequences with diverse motion types [5],
[6]. Test conditions are: IPPP sequence, Frame Rate = 30 fps, Quan-
tization Parameter = 28. For performance, we have benchmarked our
approach on two hardware platforms, i.e. ASIC® (90nm) and FPGA
(Xilinx Virtex II FPGA). As discussed in [13], Dedicated Module
Approach (Fig. 2C) is the most competitive one for ASICs. We will
compare the ASIC implementations of our Combined Module Ap-
proach and Dedicated Module Approach.

TABLE 3: PERFORMANCE, AREA, AND ENERGY RESULTS FOR DEDICATED AND
COMBINED MODULE APPROACHES TO INTRA PREDICTION

Performance Area Ener:

Module | ¢y les) [um’] pWel

VT 4 1,204 7.138

HZ 7 1,204 7138

DC 3 9,408 58.78

DDL 6 19,536 118.1

Dedicated DDR 6 24,643 1214

<« | Moduie VR 1 22,040 107
& | 4pproach HD 4 20,480 104.8
< VL 4 18,792 94.8
% O 7 9,792 5711
= Control 10 7,752 78.54
Total’ 18 134,896 754.806

. Core 8 52,360 191.5
%thlﬂl;;fjach Control 2 7320 5362
Total 10 56,630 196.862

SAVING 1.8x 58% 73.91%
VT 529 2,992 827.9

HZ 529 3,120 826.8

é %sxed DC 564 9,752 1,701
S | Approach Plane 6,200 102,240 60,680
< Control 5 2,560 51.19
% Total 6,205 120,664 64,086.89
=[Gl [Comaial] w2 | omew | assi0
SAVING 7.2x 2x overhead 59.72%

DC 156 9,504 571.2

w . HZ 137 2,912 264.3
& %%z@zed VT 137 2,992 263.8
< | ipproach Plane 1,564 87,264 16970
% Control 5 2,560 51.19
% Total 1,569 105,232 18,120.49
St || 20 | msm | e
SAVING 6.5x 1.2x overhead 79.69%

Table 3 gives the details of performance, area, and energy results
for Intra Prediction. Our Combined Module Approach is 1.8x, 7.2x,
and 6.5x faster than Dedicated Module Approach for Luma 4x4, Lu-
ma 16x16, and Chroma 8x8’, respectively. It additionally provides an
energy saving of 73.91%, 59.72%, and 79.69% for Luma 4x4, Luma
16x16, and Chroma 8x8, respectively. Note: in case of dedicated
modules for nine modes of Luma 4x4, we have performed the optimi-
zations within each prediction to keep the comparison fair. Due to
this reason, the performance of "core" is 8 cycles in both approaches.
Luma 4x4 hardware gives us an area saving of 58% due to optimiza-
tion across different modes. Due to the limited optimization space
across different modes in Luma 16x16 and complex nature of Plane
Mode, the focus is to get high performance by providing more area
(2.03x bigger). Thus, a performance benefit over conventional ASIC
implementation comes at the cost of additional area, which is used for
unrolled loop processing. The increased area majorly comes from the
loop unrolling. On the other hand, due to smaller block size the area
of our proposed Chroma 8x8 module is only 1.2x bigger.

For performance, area, and energy results of our ASIC implementation, we
have used Orinoco [7] with an available 90nm technology library.

Due to simultaneous execution of all individual modules, the total execution
time will be: a) 16x16 and 8x8: Control + Max (VT, HZ, DC, Plane) and
b) 4x4: Control + Max (VT, HZ, DC, DDL, DDR, VR, HD, VL, HU).

In case of fast mode decision, VT, HZ, DC, and Plane take 298, 298, 298, 142
cycles for Luma 16x16 and 94, 94, 94, 74 cycles for Chroma 8x8.
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Fig. 13: Comparison of Dedicated and Combined Module
Approaches to Intra Prediction for different Video Sequences.
Table Shows the Break-Down Summary of Comparison

Fig. 13 compares the Dedicated Module and Combined Module Ap-
proaches for different video sequences with diverse motion types and
the table in Fig. 13 illustrates the break-down summary of the com-
parison showing the contribution of different Luma and Chroma pre-
diction modes. It shows that our proposed approach requires signifi-
cantly less processing time even in case of fast motion sequences e.g.
Rafting and Rugby. Therefore, when the I-MB ratio is more than 80%
(i.e. Intra Prediction is a dominant computational block as motivated
in Section I) our approach provides a higher performance.
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Fig. 14: Frame-wise Performance Analysis of Luma 4x4, Luma 16x16, and
Chroma 8x8 Intra Prediction for 3 Fast Motion Video Sequences

Fig. 14 presents a frame-level distribution of performance for Luma
4x4, Luma 16x16, and Chroma 8x8 for three fast motion scenes as
presented in the motivational case study (Section I). Since Rafting
contains water turbulence, Luma 4x4 is more likely to provide a bet-
ter prediction compared to Luma 16x16. Our approach processes Lu-
ma 4x4 for one MB in a much less time than that of Chroma 8x8. Due
to this reason, Chroma processing cycles are more than that of Luma.
TABLE 4: PERFORMANCE COMPARISON OF OUR APPROACH WITH STATE-OF-
THE-ART FAST APPROACHES (FOR ONE MB INTRA PREDICTION)

Distor- q Fre- |Frame Rate
[ amal chroma s [Rstuion Fehne | gy [Nt
Type [MHz] | to 640x480
Our SATD| 47fps
Ve 160 | 862 242 or SAD| 1280x720 ASIC90 [ 300 141
31fps
[13] 576 | 256 128 |SATD 720x480 ASIC 250| 54 35
0S0f 839 | 903 184 30 i
[14][0S1] 595 | 659 | 76 |SATD 1280)};520 ASIC 130 85 90
0S2] 460 | 524 76
DCT- | 30 fps
[15] 884 | 636 248 based | 1280x720 ASIC 180] 117 90
27 fps Xilinx
[12] 12640 | 1127 302 N/A 640x480 | Virtex-I1 90 27

We additionally conducted performance comparison of our approach
with state-of-the-art /ntra Prediction schemes. Table 4 shows that our
Luma 4x4 approach is 3.6x, 5.24x, 5.52x faster than [13], QSO [14],
and [15], respectively. For area comparison with [12] we have syn-
thesized and implemented the major modules of our hardware archi-
tecture (as shown in Section IV) for Xilinx Virtex II. Ref. [12] re-
quires 1001 CLB slices and 518 DFFs when synthesized for Xilinx
Virtex-II 2V80001f1152 (speed grade 5). On the other hand, our pro-
posed hardware requires 1675 CLB slices (518, 669, 488 for Luma

4x4, Luma 16x16, and Chroma 8x8, respectively) and 386 DFFs. For
Luma 4x4 our FPGA implementation is 8x faster than [12].

Without fast mode-decision, Intra Prediction of one MB takes at
maximum 1758 cycles considering parallel processing of Luma and
Chroma, therefore at 300 MHz our proposed approach can process
170,648 MBs per sec i.e. 1280x720 at 47 fps. In case of fast mode-
decision, our proposed hardware is capable of processing real-time
HD1080p (1920x1080).

VI.  CONCLUSION

We have presented a novel hardware architecture for /ntra Prediction
of H.264 that processes all the prediction modes of Luma and Chro-
ma in parallel enabling us to exploit the full optimization space. Our
Luma 4x4 approach is 3.6x, 5.24x, 5.52x faster than [13], QSO [14],
and [15], respectively. For Luma 4x4, Luma 16x16, and Chroma 8x8
the proposed Combined Module Approach is 1.8x, 7.2x, and 6.5x
faster while giving an energy saving of 73.9%, 59.7%, and 79.7%
when compared with Dedicated Module Approach. In order to facili-
tate fast mode-decision schemes we provide a group-based write-
back scheme. For Luma 4x4 our approach achieves an area saving of
58% that we give to the Plane Mode. Due to the complex nature of
Plane Mode, the performance gain comes at the cost of 2x bigger
area of Luma 16x16.
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