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Abstract. This paper presents the design and investigatidow latency and

high throughput dedicated architectures for the Z4@rward Hadamard
transform of the H.264/AVC standard. The architezsu were designed
focusing on a good balancing between throughput@ndatency, enabling its
integration with the Intra Prediction coder modulgight versions of this
transform were defined, described in VHDL and sgstked to Altera Stratix I

FPGAs, using the Quartus Il software. The architest which best fits the goal
of this work present throughputs of 2.6 and 4.8dwis of input samples per
second, with latencies of 1 and 2 clock cycleqeaetvely.
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prediction, FPGA based design.

1 Introduction

The H.264/AVC is the newest video compression stethdlt was developed by
experts from ITU-T and ISO/IEC aiming to double ttempression rate achieved by
the previous standards [1], [2]. The research ordware architectures for the
H.264/AVC standard is part of the Brazilian reskars’ effort to develop the
Brazilian System of Digital Television, the SBTVB]]

Fig. 1 shows the encoder diagram block, which mpased by: motion estimation
(ME in Fig. 1), motion compensation (MC in Fig. Intra prediction, loop filter,
entropy coder, forward and inverse quantizatiorm@ Q" in Fig. 1) and forward and
inverse transform (T and™in Fig. 1).

T, T* Q and Q@ modules belong to the critical path of intra potidn in the
encoder, since the samples used in the intra giedimodule are reconstructed based
on the current frame. It means that the prediateae blocks must be processed by
the T, Q, @ and T" modules before being used as references to prabessext
image block of the current frame. This loop regaia® amount of time in which the
intra prediction block must wait to the reconsteactiata. Then, the mentioned loop
design is critical, since there is a relationstépaeen the performance of the T, Q
and Q' modules and the time in which the intra predictioodule stays stopped. A
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good solution for this situation is to design a idettd loop of transforms and
guantization targeting the Intra Prediction anceotbop for the other coder modules.

Entropy
T |->| Q |4>.,| Coding |_>

Inter-frame prediction
»

°| mME

Filter

Fig. 1. Encoder diagram block of H.264/AVC.

The goal of this work is to investigate architeatwalternatives for the 4x4 forward
Hadamard transform. Eight different architecturesevimplemented in FPGAs and
compared in terms of hardware resources use, arilielay and latency. This work
aims at finding the architecture that better fit$He Intra Prediction requirements.

The rest of this paper is organized as followsti6e@ explains the transforms of
the H.264/AVC standard. Section 3 describes aldi#signed architectures. Section 4
presents the synthesis results and a discussiout #fiem. Section 5 shows related
works. Finally, section 6 concludes this work.

2 Transformsin the H.264/AVC Standard

The T module in Fig. 1 contains the forward transie 4x4 FDCT (Forward
Discrete Cosine Transform) and the 4x4 and 2x2 BoiwHadamard transforms.
Integer arithmetic is used in all transforms in erdo avoid differences between
inverse and forward transforms and also to all@singler hardware design [3].

The inputs of the T module are 4x4 blocks of reaidaformation generated in the
prediction step. The 2-D FDCT is the first transfoapplied and it is applied for all
the input samples, including luminance and chromigasamples. If the samples are
of luminance and were predicted using the intralB6mode or if the samples are of
chrominance, the Forward Hadamard transform isiegph the DC coefficients
resulting from the 2-D FDCT. The DC coefficients thfe luminance blocks are
processed by the 4x4 Forward Hadamard and the icdents of chrominance
blocks are processed by the 2x2 Forward Hadamérd [4

The 4x4 Forward Hadamard transform defined in th@6B/AVC standard is
presented in (1). The Hadamard transform does mategs all information that pass
through the T module so it stays idle during aqubof time.
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In order to implement this transform in an architeal level, its mathematical

definition was decomposed in an algorithm thatisven in Table 1.

Table 1. Algorithm used in the computation of the 4x4 Hadad transform.

ag=Wo+ W, bo=ap+ a; Co=bo+ b So:(Co+C1)/2
a;=Wsg+ Wi, b1: a,+ as C1= b2+ b3 S = (Co-Cl)/Z
a;=W;+Ws b,=as+ as C2=bo- by Sz=(C2-C3)/2
az=Wo+ W3 bs=as+ as cz3=b,- bs S3:(C2+ C3)/2
as=W,+ Wjs bs=ap- ai cs=bs+ bs S4:(C4+C5)/2
as=Wio+ Wy bs=az- as Cs= b+ by Ss5=(C4- Cs)/2
as=Ws3+ W5 b6:a4—a5 C5:b4-b5 SGZ(CG-C7)/2
a7=Wy+Wys b7: ag- ay C7= bs- b7 S;= (C6+ C7)/2
ag=Wo— W, bg=as- ao Cs= bg+ by Sg= (Cg+ Co)/2
ag=Wg— W3, be=ai- an Co= b+ b11 So=(Cg- Cg)/2
an=Wi1—W;s bio=ai>- ais Ci0=bg- by Sio= (Clo - Cll)/2
a;n=Wo—Wiy3 b11 = aus- s Ci1= blO - bll S = (Clo + Cll)/2
a;2=Wy—Ws bip=ag+ ag C12= D12+ by3 S12= (C12+ C13)/2
a13=Wio— Wi bis=ap+an C13= D1+ bys S13= (C12- C13)/2
as=W3;—-W; buu=an+ais C14= b1o— b3 S14= (C14- C15)/2
a5 = Wi —Wis D15 = a4+ ais Ci15 = D1g— D15 Si5= (C14 + C15)/2
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3 Designed Architectures

Several architectures for the 4x4 2-D Forward Haml@mtransform could be
developed as long as the algorithm showed in Tabterespected. In this work, we
present the implementation and analysis of eigfferdint architectures with no
separability exploration [4]. This means that theh&ectures do not compute each
dimension of the 2-D transform separately in omeatision. Instead, they compute
the two dimensions together. This allows a reductid data dependencies and a
generation of architectures with different levelparallelism.

3.1 1-Stage Pipeline Architecturewith 16 Input Samples per Cycle (1P16S)

The architecture with one pipeline stage and wiftaeallelism level of 16 samples
per cycle (1P16S) is the simplest one implememdtis work since it does not make
use of any register barrier for a pipeline exeeutibhis solution is presented in Fig 2
and it includes all the 4x4 Hadamard operationgd®nly one pipeline stage. In
each cycle, sixteen input samples are processeatebgrchitecture. Considering the
fact that there are no registers in this architegtits implementation requires less
hardware resources than the pipelined versiongaweler, a higher critical delay is
expected because the critical path of the cirsuibimposed by four adders.

3.2 4-Stage Pipeline Architecture with 16 I nput Samples per Cycle (4P16S)

The 4-stage pipeline architecture with 16 input glas per cycle (4P16S) is a
completely parallel version of the Hadarmard aettiire which consumes 16 input
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samples per cycle. In each cycle, 16 samples aaepsed in each pipeline stage and
the results are stored in the corresponding pipekgisters.

a b
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Fig. 2. 1-stage pipeline architecture with 16 input sampler cycle.

In this solution, presented in Fig. 3, only oneleyis demanded to perform the
additions in each stage. This way, the throughpthearchitecture is 16 samples per
clock cycle and its latency is only 4 clock cyclBased on Table 1, it is relatively
easy to obtain the diagram shown in Fig. 3. Eadhnao of the table corresponds to a
pipeline stage and each line corresponds to arr addliee Hadamard architecture.

Although this architecture presents a great thrpughtwo problems are found in
this solution. The first one is related to the higie of resources, since 16 adders and
16 registers are used in each stage. The secohbkpras related to routing due to the
large number of wires used in the input and inahiput of this architecture.
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Fig. 3. 4-stage pipeline architecture with 16 input sampler cycle.
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3.3 2-Stage Pipeline Architecture with 16 Input Samples per Cycle (2P16S)

The architecture with 2-stage pipeline and withrifut samples per cycle (2P16S) is
based on the version described in section 3.2. Memyan this solution only 2
pipeline stages are used, which leads to a 2 dgcles latency. Another advantage is
the lower use of hardware resources since onlyrégister barriers are used.

The critical path of this version is composed by tadders implying in a lower
frequency when compared to the architecture 4Pa&Sented in section 3.2.

3.4 4-Stage Pipeline Architecture with 4 Input Samples per Cycle (4P4S)

The architecture with a pipeline of four stages aith a parallelism level of four
inputs per cycle (4P4S) produces and consumesut Bgmples at each cycle. This
way, 4 ping-pong registers [5] (with 4 slots) anddters are needed in each pipeline
stage, as shown in Fig. 4. The ping-pong registees used in order to provide
synchronized storage resources for the input san@mce not all the data are
available at the same time in the input of the Haata transform. When the ping-
pong registers are filled with data, the computatan be performed by the adders
and the results can be stored in the next pipblarger. This solution needs 20 cycles
to completely process the first 16 input sampled 4rmore cycles to process the
subsequent 16 samples. This solution presenterchabf 16 clock cycles.

The huge number of registers is the main disadgenpaesented in this version.
On the other hand, in each stage only 4 addersearéred, instead of the 16 adders
presented in the previous architectures: 1P1652Rhd 4P16S.
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Fig. 4. 4-stage pipeline architecture with 4 input samplescycle.

3.5 2-Stage Pipeline Architecture with 4 Input Samples per Cycle (2P4S)

The 2P4S architecture is organized in a pipelinth wio stages and consuming four
samples per clock cycle. The difference betwees sbiution and the previous one
(4P4S) is in the number of used registers. Thegespipeline architecture demands 2
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register blocks instead of the 4 used in the 4Pdian. This architecture was
implemented in three different alternatives, acdbed below.

In the first one (2P4S-2+2), each pipeline stageains two adders and it is limited
by 4 ping-pong registers (with 4 slots). In thiseathe second and the forth register
barriers presented in the version 2P4S were removed

In the second alternative (2P4S-3+1), the secort the third register barriers
presented in the version 2P4S were removed. Thes,fitst pipeline stage is
composed by three serial adders and the secoral Isyggst one.

In the third solution (2P4S-1+3), the third and tbeh barriers presented in the
version 2P4S were taken off in such a way thafiteepipeline stage critical path has
only one adder and the second is composed by #oleers.

The three architectures present the same laten8yctifck cycles. However, each
one shows different results in terms of frequengy tb its specific critical path. This
three architectures present as advantage a loweberuof hardware resources used
when compared to the version 4P4S, described itioge8.4. Nevertheless, this
characteristic implies in a longer critical pathhigh leads to a lower operation
frequency.

3.6 2-Stage Pipeline Architecture with 2 Input Samples per Cycle (2P2S)

The 2P2S implementation has a pipeline with 2 stagel with a parallelism level of
two samples per cycle and it aims to provide adost architecture since it uses four
adders per pipeline stage. As the architectureohbstwo pipeline stages, only eight
adders are used in the whole project. In this dhselatency is 16 clock cycles which
is high when compared to the other versions.

Also, as the input of this architecture is compolsgdwo samples, each ping-pong
register must be built with 8 slots instead ofdt&ots of the 2P4S version.

4 SynthesisResults

All the architectures presented in the previougieecwere described in VHDL,
synthesized and validated for the EP2S15F672C3cddvom the Altera Stratix Il
FPGA family using the Altera Quartus Il 7.2 softed6]. Also, the timing analysis
for each architecture was performed by the Altdessic Timing Analyzer tool [6].

Table 2 shows the results in terms of frequency asdd resources for the
mentioned FPGA device. In Table 2, the acronymsenied in each architecture
description were used to identify the architecturidse first number of the acronym
represents the number of pipeline stages and tandenumber refers to the number
of input samples processed in parallel for eackigar For example, the architecture
2P16S was designed with 2 pipeline stages and gsinge16 input samples per clock
cycle.

The architecture 1P16S presented, as already expeatlow frequency when
compared to the other 16-input samples solutioriso,Aas in all others 16-input
samples architectures, a high number of ALUTs dguired because of the number of
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used adders. Although the architectures 4P16S R48 use more registers because
of the pipeline stages, a higher operation frequési@chieved. The 4-input samples
architectures use less parallelism, which leada tower number of used ALUTs
when compared to the full-parallel versions (1P18%16S and 4P16S). However, in
order to implement the pipeline, these architesturee ping-pong registers barriers,
which causes an elevated use of registers (esfyehigh in the 4P4S-2+2 version).
The implementation of different 2P4S solutions waade to evaluate the possible
results for different pipeline configurations. TAB2S architecture was developed to
reduce the use of ALUTSs in relation to the 2P4Ssieers. However, as shown in
Table 2, the proposed version did not reach theeteg results and then, this solution
will be discarded in the next design efforts.

Table 2. Operation frequency, number of used ALUTs and remolb used dedicated logic
registers (DLR) of each solution for the StratidERP2S15F672C3 device.

Architecture ~ TeAUeNCY  n) UTs  #DLR
(MH2)

1P16S 162.02 681 304
4P16S 448.03 672 756
2P16S 268.31 680 452
4P4S 250.63 320 1052
2P4S-2+2 202.51 510 534
2P4S-3+1 171.00 360 555
2P4S-1+3 198.26 299 506
2P2S 193.27 472 547

Tab. 3 shows the processing rates for all the desi@rchitectures. The throughput
data presented in Table 3 was calculated basecherfréquency and the input
samples per cycle of each architecture. The frgmeesecond values were calculated
based on the number of samples of the worst casehvhappens when all input
blocks were provided by the 16x16 intra predictidiis way, there are 491,520
samples to be processed by the 4x4 2-D Forward iHadhtransform in one QHDTV
frame (3840x2048 pixels). The very high throughptésented in Table 3 allows a
very high processing rate of QHDTV frames. Theh,patsented architectures are
able to easily reach real time (30 frames per sicahen very high definition videos
(like QHDTYV) are being processed, which means #tlathe presented architectures
could be used in the T module. Other importantrimiation presented in Table 3 is
the minimum operation frequency that is necessargliow the processing of 30
frames per second for each architecture. All preesefrequencies are very low and
this question is important, since these architestumay be used in designs with other
requirements than those presented in this works&selutions are able to be inserted
in a design focusing low power, for example, sitleey reach real time even running
in a very low operation frequency.
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Table 3. Latency, throughput, frames per second and minirfraquency to reach 30 frames
per second for QHDTYV frames of each solution far 8tratix || EP2S15F672C3 device.

QHDTV Min. Freg. to

Architecture I(_Catcelne;:)y 2-'\;] glr;gr}g;) Frames per QHDTV @ 30fps

Y P second (MH2)
1P16S 1 2,592 5,274 0,92
4P16S 4 7,168 14,584 0,92
2P16S 2 4,292 8,734 0,92
4P4S 16 1,002 2,039 3,69
2P4S-2+2 8 810 1,648 3,69
2P4S-3+1 8 684 1,391 3,69
2P4S-1+3 8 793 1,613 3,69
2P2S 16 386 786 7,38

Since this work focuses in high throughput and latency, to allow real time
when Intra Prediction and transforms will be joineldere is a limitation in the
choosing of the architecture to be used conceriiigatency. Latencies of all
solutions are presented in Table 3. As this desjite exploration was focused in the
Intra Prediction restrictions, the T module mustdasigned to support the burst of
data that is generated by the Intra Prediction redin function of the data
dependencies already mentioned between the Ingé@id®ion and the transforms and
guantization modules, the Intra Prediction must twlair the transforms and
guantization to process the next block and thesfoams and quantization must wait
when this next block is processed by the Intra ietiedi. While one 4x4 block is
produced by the Hadamard transform, the Intra Etiedi coder waits for the
reconstruction of this block to generate the nerke.oThis way, the chosen
architecture should not present a high latencyesthere is not a continuous flow of
information in the Hadamard transform input andisitalso important that the
architecture presents a high throughput in orderinerease the speed of the
computation.

Based on these Intra Prediction requirements anthe@data presented in Table 3,
the architectures that better fit in the designttd T module are the 1P16S and
2P16S. Both architectures present an acceptablébeigun between throughput and
latency, processing an elevated number of framesgeond. Although the version
4P16S can process a higher number of frames pendethis architecture presents a
high latency, what can hinder its application ia Thmodule, as explained before.

5 Related Works

It is hard to find, in the literature, related werkbout this theme and where the
architectures were implemented in the same techgplehich limits the comparison
with the architectures proposed in this work. Aligb the throughput depends on the
technology in which the architecture was implemdntee latency can be analyzed
since it is defined solely by the design. Tablerdspnts a comparison between the
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three most interesting versions designed in thikvaod six other solutions proposed
by other authors. These three architectures weoserhbecause they are the best
options to be integrated with the Intra Predictioder.

Table 4. Comparison with related works.

Solution 2-'\2 ;lrjng;}g;ts) Latency Ezg/;lehsm Technology
Our 4P16S 7,168 4 16 Stratix Il
Our 2P16S 4,292 2 16 Stratix Il
Agostini [7] 3,499 6 16 0.35u
Our 1P16S 2,592 1 16 Stratix ||
Agostini [7] 1,983 6 16 Stratix
Cheng [8] 800 2 8 0.35u
Chen [9] 800 - 8 0.18u
Wang [10] 320 4 4 0.35u
Lin [11] 273 - 8 0.35u
Agostini [12] 175 64 1 Virtex 2P

In [7], [8], [9] and [10] the solutions proposecdeanultitransform architectures, it
means they can process the calculations relatedl the 4x4 forward and inverse
transforms. The solution [7] also performs the P&damard transform. The design
proposed in [11] performs the 4x4 2-D Forward Hadahtransform. In addition, this
architecture calculates the operations of its eelajuantization. The design presented
in [12] is a dedicated forward transform architeetwhich is integrated in a complete
T module.

The solutions 4P16S and 2P16S, designed in thik,woresent the highest
throughputs when compared to the others publishedksvand only one published
work surpasses the throughput reached by 1P16%8emtthe. Then, the goal of high
throughput was reached.

In addition, architectures 1P16S and 2P16S preakentowest latency among all
related works (work [8] presents the same latehay 2P16S). Then, another goal of
this work was reached: low latency.

A comparison about the relation between the reactiedughput and the
parallelism level of each solution presented in |&a#h was done and the three
solutions designed in this paper present the leéstion. This relation shows the high
efficiency of these solutions in terms of use ofaflalism to support the high
throughput. Other important comparison is that tihe first solutions presented in
Table 4 and designed in this work (4P16S and 2P}8&3ent the best relation
between throughput and latency among all presesadions. This is an important
metric, since this relation is the most importantésign a T module which is able to
respect the Intra Prediction constraints.

6 Conclusionsand Future Work

This paper presented the design and evaluatioewafral implementations to the 4x4
2-D Forward Hadamard transform, looking for highotighput and low latency,
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focusing in the Intra Prediction restrictions. Theght different architectures were
designed, using different levels of parallelism difterent number of pipeline stages.
All architectures were described in VHDL and sysibed targeting to Altera Stratix
Il FPGA. The architectures designed in this workynb@ used in the Intra Frame
coder loop, since all the designed solutions pitesiea very high throughput and a
low latency.

The best result in terms of latency was found & 1P16S architecture. The best
throughput was achieved by the 4P16S architectuelze lowest hardware cost was
reached by the 2P4S-1+3 architecture. The bestehoibe used in the Intra Frame
coder loop must combine low latency and high thhgug, so the best options would
be the 1P16S or the 2P16S architecture.

As future work we plan to design the complete T mledand the Intra Prediction
coder loop.
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