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Abstract

This work presents a dedicated hardware desigihfor-orward Quantization Module (Q
module) of the H.264/AVC Video Coding Standardngsbptimized multipliers. The goal of

this design is to achieve high throughput ratestioed with low hardware consumption.
The architecture was described in VHDL and syniteskito the EP2S60F1020C3 Altera
Stratix Il FPGA and to the TSMC 0.18um Standard @ehnology. The architecture is able
to operate at 364.2 MHz as a maximum operationugaqy. At this frequency, the

architecture is able to process 117 QHDTV frame&4(32048 pixels) per second. The
designed architecture can be used in low power lamdcost applications, since it can
process high resolution in real time even withyMew operation frequencies and with low
hardware consumption. In the comparison with relateorks, the designed Q module
achieves the best results of throughput and haede@misumption.
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1 INTRODUCTION

The H.264/AVC is the newest video coding standaidIf was developed by the union of experts fré®@®IIEC
and ITU-T intending to double the compression rathen compared with previous standards.

Video coding is extremely important considering #mount of data in the high definition videos. Hhe64/AVC

standard has efficient tools to reduce the comjmutal representation of these videos. However H#64/AVC

encoders have high computational complexity as.Wélis way, hardware solutions are necessary,aat i@ the
current technology, when real time processing @43@ frames per second) and high resolutions videes
required.

This work is part of the Brazilian research effordesign hardware solutions for the SBTVD (Bréenill System of
Digital Television), since the H.264/AVC is the glem video coding standard to be used in the SBTAID [

The H.264/AVC standard explores the different kinfigideo redundancy when coding a video: spatial
redundancy, temporal redundancy and entropic rezhoyd[3]. The H.264/AVC block diagram is showrFig.1.
The standard provides several coding profiles,thizdwork focuses in the Main profile which repnetsethe color
information in the YCbCr color space and conside#fs2:0 subsampling relation [3].
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Figure 1. H.264/AVC block diagram.
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The H.264/AVC Intra Frame Prediction (Fig. 1) redsiche spatial redundancy in a video. The IntranEra
Prediction is an innovation in the H.264/AVC codend it is responsible to explore the similarityvileen blocks
of pixels in the same frame. This process is paréat using the edge information which was alreadyedoto
represent neighbor blocks. This way, the predittiedk is a copy of the edge pixels. The H.264/Aué@nsdard
defines several copy modes to the Intra Frame &iedimodule. Considering luma(Y) samples, them r@ne
copy modes for 4x4 samples block size and four copyes for 16x16 samples block size. For chromag@b
Cr) there are only four copy modes, since alway® €xmples block size are used (these modes areaéuito
that used for 16x16 luma blocks) [3].

The temporal redundancy is treated for the Intarfé Prediction which is composed by two modules:Miotion

Estimation (ME in Fig. 1) and the Motion Compensat{(MC in Fig. 1). In this case, the coding of therent

block is made using the data from previously coflathes. The ME searches in the reference framethéoblock
that is closest to the current one and then it igges a motion information (motion vector), poigtito the block in
the reference frame that will be used. After, th€ kbuilds the current block from the motion vestgenerated
by the ME [3].

After the prediction steps, the difference betw#®n predicted block and the original block generaeesidual
information which must be processed by the tramsf@and quantization modules in order to increase the
codification rates. These steps contribute to redhe spatial redundancy as the Intra Predictiep. dlowever,
there is data losses in the quantization procebBgwmeans that the block reconstructed in the diecwill be
different from the original one [3]. As this bloekll be used as reference in the decoding prodessyst to be
used also as reference by the coder as well, gieaiag that both, coder and decoder will use tineesaeferences.
Thus, it is necessary to insert and reconstrugiath in the coder side. This path is composed byltiverse
Quantization (1Q) and Inverse Transforms (IT),sshiown in the Fig. 1.

The entropic redundancy is reduced by the Entropge€ presented in Fig. 1, which reduces the nurabéits
used to represent the video using lossless tecesifi].

Finally, the H.264/AVC encoder includes a deblogkiiiiter (Filter in Fig. 1), which is used to impre the
subjective quality of the coded video [3].

This work presents an architecture targeting higifggmance and low cost for the quantization modhflehe
H.264/AVC coder. The main goal is to reach reaktiwhen processing high resolution videos usingdperation
frequencies. Then a high level of parallelism iplered to reach this goal. A secondary goal isge the lowest
possible amount of hardware resources maintainimgra high throughput, and then dedicated multiplieere
designed instead of the high cost matrix multigliérhe low hardware use and the low frequenciesvaleduced
power consumption, since usually hardware use esgliéncy operation are directly proportional to pownd
energy consumptions. Then, considering all thoatufes, the designed solution is able to be indengortable
and mobile devices, which have highly non-functlomestrictions, like hardware use, power and energy
consumptions. The architecture consumes four sammde clock cycle (one line of a 4x4 block) andvis
designed with the goal to reaches performance &wagntee the processing of high resolution videazah time.
The targeted technologies in this work were: Ali®teatix 1| FPGA and TSMC 0.18 um Standard Celle FPGA
version was done to be integrated with other encodmules designed by other research teams in IBshzte a
FPGA prototype must be delivered by the Braziliagearchers in order to reach the goals of the SBTy4lem
deployment. The standard-cells version of this itecture was generated to allow the comparison wethted
works.

This work is organized as follow: Section 2 desesilthe Q module and show its definition; Sectigreésents the
designed architecture; Section 4 describes thegdemnd the verification methodologies; Section bvah the

architecture synthesis results targeting the telogies already mentioned; Section 6 shows a comparivith

related works and, Section 7 concludes this wotksirows some future works.

2 THE H.264/AVC QUANTIZATION

The H.264/AVC standard defines that the residufdrimation generated by the prediction modules nhest
transformed from spatial domain to the frequencsnaim. This operation is done by the transforms rfedu in
Fig. 1), which is composed by three different tfanss [3]. In the frequency domain, the quantizatitiscards or
attenuates those frequencies that are less pdileeply the human eye. The quantization, typicadignerates
sparse matrixes which are easier to be compregsedtimpy coder [3], increasing the compressioes.at

The Forward Quantization Module inputs are the faciefits that come from the transforms module. Aftee
transformation, the samples of a 4x4 block areedalioefficients: the (0,0) element in a block ilech DC
coefficient and the others elements are called aé€fficients [3].
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The H.264/AVC is the first compression video staddthat uses three different transforms in the @ &h
modules shown in Fig. 1. In the T module, all theut coefficients are processed by the forward @X4
FDCT). Besides, some DC coefficients are procebsethe Hadamard transform, in order to explore sadrel
correlation among the DC elements of 4x4 blockd.tAé chroma DC coefficients are processed by tk 2
Hadamard transform (2x2 HAD), while the luma DC fficents generated by the 116MB mode are processed
the 4x4 Hadamard transform (4x4 FHAD) [3].

The quantization process is made in different wagsprding to the color component (Y, Cb or Cr) #melchosen
prediction mode.

When the prediction mode is 14MB, both AC and D@ficients quantization calculation are realizedading to
the Equation (1) [4]. This equation is applied 1b &C coefficients in the 116MB and chroma modeseT
guantization calculation for all residual data gewed by the Inter Frame Prediction is also catedlghrough this
equation.

|z(i1j) |= (|V\/(i'j) | IMF + f) >> gbits

. . (1)
sgn(Z; ;) = sign(W; ;)
For all luma DC coefficients where the predictiorodae was 116MB, and for chroma DC coefficients, the
guantization calculation is presented in the Equa(R) [4]. This way, all the output coefficientstbe Hadamard
transforms are applied to this equation.

1 Zogi,jy 17 (Yo, j) [MF o) +2f) >> (gbits +1)
SgN(Zpi.5y) =59 (Yo, j))

2)

The constants used in equations (1) and (2) aieetkfn Tab. 1 and in the Equations (3) and (4) tihdse values
are chosen considering the Quantization Paramétey. (The QP value defines the “strength” of thengjzation
process, since a high QP value results in a highempression rate, however the image quality deesdshe QP
value is delivered by the encoder global contra s an input for the Q module. The % operatoffab.1 is the
remainder operator.

Table 1: MF values according to the QP

PFO PF1 PE2
QP%6 (0,0),(2,0_),_(2,2),(0,2) (1,1),(1,3_),_(3,1),(3,3) Other Positions
Positions Positions
0 13107 5243 8066
1 11916 4660 7490
2 10082 4194 6554
3 9362 3647 5825
4 8192 3355 5243
5 7282 2893 4559

f= 2%"/3, for Intra Frame Prediction
f = 206, for Inter Frame Prediction 3)

gbits =15+ QP/6 | @)

Example: Considering a situation where the input value #150, in the (1,1) 4x4 block position, the prediati
mode was I4MB and QP=16. The operation QP%6 ishdclwmeans that MF value, according Tab. 1, is 3835
the equations (3) and (4) the values generatedjlzits=17 and f=43690. This way, applying these eslin the
equation (1) the output value will be Z=4.

More detailed definitions of the calculations ugethe quantization module and how the constante wbtained,
can be found in the H.264/AVC standard [1]. Thewdgion process to take the original definitions ¢e found in

[3].
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3 DESIGNED ARCHITECTURE

As presented in the previous section, the Forwamdn@zation process defined in the H.264/AVC issitally,
composed by one multiplication of the input valyeam constant (MF), the sum with other constarmr (2f) and
the right shit operation controlled by other constégbits or gbits+1). This way, the data path o§eneric
architecture that performs the Forward Quantizatiorst contain at least: one multiplier, one adahetr @ne barrel
shifter. Among these operations, the multiplicatitas the higher computational complexity. Thus,palésible
optimizations in the multiplier architecture aretrexnely useful for the final performance of the qiete
architecture.

The MF constant value depends on the target camffiposition in the 4x4 block. Based in Tab. Isipossible to
notice that there are three sets of positions whisgeMF is the same. This way, dedicated multipliean be
designed for each set of MF values, with the géakducing the multiplication impact in the arclaiiere critical
path. Then, three different data paths were dedigméth dedicated multipliers according with thdative

coefficient position.

Since the number of values that the constantsasanme is small, these values were pre calculagdtared in
memory. The control unit is responsible to addtlksgight position in this memory using the QP ealu

Several architectural solutions for the multipliesgre analyzed, departing with (1) an conventiomaltrix
multiplier, passing by (2) an multiplier that ugbe shift-add decomposition and, at last, takingaathge of the
other operations that compose the quantizationgsyadhe exploration arrives at (3) an dedicatelliptier that
join the MF multiplication, the sum with the constd and the 15-bit shift.

The shift-add decomposition is based on the biasithmetic property which defines a relation betwshifts-left
and multiplications. The shift-left of one binarggition in an input number is equivalent to a nplitiation by
two. Using different shifts to generate partialulesand adding all these partial results is pdsdit multiply the
input for any number. Fig. 2 shows an example wileeemultiplication was decomposed in two partiaducts
and the result is obtained adding these two padllits.

= 2490 0
10Xx5=10,0x (22 +29) 010,
4 “’ 110010,
1010, x (22 + 2°) = 1010,x22 + 1010, x2°

1010, << 2 + 1010, << 0 = 110010, = 50,

Figure 2: Example of a multiplication decomposed in shiftia.

The designed architecture works over 15-bit in@lties, and its RTL diagram is presented in Fig. 3.

less significant 15 bits

multCtrl

Y4

LTV

Y signal bit

Figure 3: Designed Q module data path.
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The quantization calculation defines a right sbgeration of 15 bits, i.e., after the add with tlenstant, the 15
less significant bits must be discarded. In theutsmh designed in this work, this shift operatiomsadirectly

applied at the input values, even before the nlidépon. This way, it was possible to reduce thdexs bit width,

decreasing the architecture critical path. In tlaise, the original adders, which have a bit widtBbits, could be
replaced by adders with a half of the originalicait path, with a bit width of only 15 bits. An aliary architecture
performs the overflow verification with the 15 digsded bits to avoid arithmetic errors. If this fiedtion detects
the occurrence of overflow, then a correction fadtoadded to the final result. This optimizatioifowed an

important reduction in the critical path of this ltjplier, but it does not implies in the reductiaf the used
hardware, since one adder with 30 bits was brokéwo adders with 15 bits.

The first and the last adders perform the 2-complmperation, since the quantization works oveohlie input
values, as defined in Equations (1) and (2).

The multCtrl, dc_flag and gbits are delivered to the datapath by the control wmg their values are defined in
function of: the prediction mode that was usedha turrent block coding, the target coefficient (&CDC), the
QP value and the coefficient position in the 4xachl

As the shift-left operations generate zero bitthadata less significant part, the adders thatpose the operation
tree could be simplified. It do not cause any gaiterms of critical path, since the last adder thagerates over all
bits. However, this simplification has a considégalmpact in the hardware consumption. Consideangipple
Carry implementation for the adders, the numbédr-bit full adders was substantially reduced.

For example, taking the data path that performs(€h@) position quantization and 15-bit width fdretinput
values, these simplifications appoints a reduatibabout 22% in the 1-bit full adders.

Each adder column was isolated between temporalebai(registers), in order to obtain the maximuosgible
performance. This way, the designed pipeline schesnéains seven stages and the critical path isettby the
larger bit width adder.

The entire architecture is composed by four datepatorking in a parallel way, as showed in FigT#en, the
architecture consumes four coefficients generatethé® T module at each clock cycle. The datapathesain the
Fig. 4 (PFO, PF1 and PF2) are related to the stggaonultiplications and are associated to the ngmesented in
Tab. 1.

Yo ———>
multetrl —mM >
f —_—
—>
gbits ——— PFO
dc_flag 5 Datapath

Zo

Y, —>
multctrl ————>
f 4
— —
gbits  — 5 PF1
dc_flag Datapath
_ e

Yo ——mm———>
multctrl ——>
f %ZZ
—_—>
gbits ——— PF2
dc_flag Datapath

Control Unit

s —— >
multctrl ——>
Z3

fo—_— s s
gbits PF2

dc_flag 8 Datapath

Figure 4: Q module architecture block diagram.

It is important to notice that the PF2 datapatmsantiated twice in the final architecture. licacs because this
datapath is responsible to process eight among@lromefficients of the 4x4 block, as presentedab.TlL. The PFO
and PF1 datapaths work processing just four caeffis each one. Thus, since the PF2 datapath iz aigul, each
datapath is responsible to operate over four spemikfficients.

The architecture latency is seven clock cycles, itéakes seven cycles to deliver the first vaidput. After the
moment that the pipeline is filled, the architeetproduces four quantized coefficients at eachecycl
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The 2x2 block of DC chroma coefficients that is geted by the 2x2 HAD is completely consumed irr fdack
cycles in the designed architecture, since all fanehts must be processed by the same data p&W).(fh the
same way, the 4x4 block of DC luma coefficientd t@mmes from the 4x4 FHAD is processed by the tachire
in 16 cycles, since it also must be processed byPtRO datapath. All the datapaths are used foAxdeFDCT
outputs, and the 4x4 block is completely processddur clock cycles when processing the FDCT doifhts.

4 DESIGN AND VERIFICATION METHODOLOGY

The architecture presented in the previous sectias described in VHDL and synthesized targeting the
EP2S60F1020C3 Altera Stratix Il FPGA [5] and TSMC8um standard-cells technology [6]. The Alteraafpus

11 9.0 tool was used for the FPGA synthesis. Ledripectrum was used to generate the synthesissésigeting
the standard-cells implementation.

The architecture verification was performed usimg Mentor Graphics ModelSim 6.4g tool. It was médiewing
a sequence of steps. Firstly, code routines weserted in the JM 16.0 Reference Software [7] ofHt264/AVC
Standard (that is implemented in C language), meoito take the input and output data for the dmatibn
module, which were used as golden model in thigydes

The input and output data for the quantization ndeas generated running the modified referencevené over
real video sequences, this way the architecturéddoa verified with real data. The used video segas were
some traditional sequences used in this reseaeh ldte: Foreman, City and Soccer. These videos Qi&d
resolutions (352x288 pixels) in a 4:2:0 color rielat

After that, one test bench was described in VHDLfded the quantization architecture with the inpata
generated by the reference software. Then, it vaasiple to run both architectures in the ModelShml to take
the output data. Another C code was designed taogrthe output data from the architecture withaihgput data
delivered by the reference software.

5 SvNTHESIS RESULTS

Tab. 2 shows the synthesis results in terms of maxi operation frequency and hardware consumption,
considering the two targeted technologies: Altdrat& Il FPGA and TSMC 0.18 um standard-cells.

Table 2: Synthesis results for the two targeted technofgie

Complete Q Module

. Freg. (MHz) 291.7
SggtgA” #ALUTS 1,308 (3%)
#DLRs 956 (2%)
TSMC | Freq. (MH2) 346.2
0.18um #Gate 14.5k

As expected, the standard-cell implementation aelsi¢he best results. In this technology, the &chire is able
to operate at 346.2 MHz, overcoming in 19% the maxn frequency achieved by the FPGA synthesis.

When mapped to FPGA, the architecture uses 1,308TALand 965 dedicated registers. This use represehy

3% of the target FPGA. This synthesis did not adaisthe use of internal multipliers of the targBiGA since the
designed architecture was optimized exactly inntloétiplier construction. The main gains of the desid solution
(split the input bit-width and explore internal pime) would not be possible when using conventiomaltipliers

as those available in the target FPGA.

Considering these results, it is possible to perfer processing rate evaluation. Tab. 3 showsetdguation,
considering the standard-cells synthesis.

Table 3: Processing rates for the standard cell implemiemtat

Throughput Min. Freq.
(billions of | OHPTY 1 FOTV | pTv @ 30fps
coeff./s) (MHz)

Q Module 1.3848 117.4 445.2 23.3
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The first column in Tab. 3 presents the throughgfuhe quantization architecture when running at mileximum
allowed operation frequency. In this case, theitecture is able to process 1.4 hillions of coddints per second,
which is a very high processing rate. This higlotighput allows the architecture to process very hasolution
videos in real time (30 frames per second). Théitacture is able to process 117 QHDTV frames (320a8
pixels) per second or 445 HDTV frames (1920x108@Ig) per second, when operating at its maximunnaijos
frequency. These frame rates are very higher tharB0 frames per second which is necessary toedetime
requirements. Then the proposed architecture smetended for low energy consumption applicationgesit
can process high resolution videos even workirlgwatfrequencies. As presented in Tab. 3, an opmrdtequency
of only 23.3 MHz is enough to the architecture hegeal time when processing HDTV videos (1920x1p8@Is).

6 COMPARISON WITH RELATED WORKS

Comparison with related works of literature is adtrivial task. This is due to the particular go&leach work to
achieve better results considering a set of spe@ftrictions. We did not find any work targetlRgGAs, and then
we generated the standard-cells version of ouriteathre to allow the comparison with previouslybpshed

works.

The comparison performed here presents four puddisivorks in literature. Kordasiewicz [8] presentgt
architectural solutions for the Q module: one wsiweral optimizations with the goal to reduce thedivare
consumption and other with optimizations targetimgh operation frequencies. Besides, the solutesighed by
Peng [9] presents an entire solution for the trams$ and quantization. The work proposed by Zha0§ fresents
a solution that uses dedicated multipliers, likis thork. However, it does not design the entire Qdale. The
architectural design proposed by Owaida [11] im@eta an optimization in the quantization algorittargeting
the QFHD resolution (3840x2160 pixels).

The work [10] presents six different multipliers feach set of 4x4 block positions, while this wprbposes only
one multiplier architecture that is able to perfotine same operations. This reduces drasticallyQheodule
hardware consumption when compared to a moduleubes the multiplier proposed by [10]. More comrsist
comparisons with Zhang [10] results were not pentett because that paper does not present syntkssissrfor
the complete Q module.

The design presented in [11] considers the maximpassible parallelism (16 samples) and it does setpipeline.
The high parallelism level was used to meet thaireqents of real time in QFHD videos. Our desigeision
was the use of a lower level of the parallelisneleand the use of pipeline to accelerate the psitgsnd to reach
high throughput rates. This decision was basedhenntainly innovation of our work: the reduced bidth
operation tree allowed by the simplification in tipgantization algorithm. As the technologies aftedént and the
work [11] does not show results considering onby gluantization module, a complete and fair comparigas not
possible.

Tab. 4 shows the comparison among the solutionpgsex in this work with the two architectural smos
proposed in [8] and with the solution designeddih [

Table 4: Comparison with Related Works.

: Kordasiewicz[8] | Kordasiewicz[8]
USR0S Area Critical Delay Peng [9]
Technology 0.18pum 0.18pum 0.18pm 0.18um
Parallelism 4 1 16 16
Level
Throughput
(billions of 1.385 0.02 1.085 -
coeff./s)
Area
(thousands of 14.5 1.75 39.9 20.9
gates)
Throughput/ |- gg g 11.4 27.2 -
Area

With respect to the solution [8] with optimizatioms the area, the results in hardware consumptibthe
architecture designed in this work are highers fjustified because of the architecture [8] havenb#esigned with
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parallelism of one coefficient per cycle. Thus,yoohe datapath is used. This low level of paraialimplies in a
low throughput; about 70 times lower than the penfance achieved by the architecture designed snvibik.

Considering the solution [8] with critical path opizations, the throughput results are closed tms¢hones
achieved in this work, since it uses the maximurralglism allowed (16 coefficients per cycle). huses an
increasing in the hardware consumption in 23 tinveen compared with the area optimized solution.rEwéh
this parallelism increasing, the achieved througligabout 1.2 times lower than that achieved is Work.

Despite a gain in the area optimized solution psegoin [8], the architecture designed in this wackieves the
best results in the relationship between throughpdtarea used from the two solutions propose@hy [

The author of work [9] does not inform the resulisterms of performance. This way, it was necessary
estimated throughput considering the descripti@s@nted by the author. Considering the architectigsign, the
solution proposed in [9] parallelizes the quant@atprocesses of the 4x4 coefficient block andrdcpss one
complete block per cycle. It also performs the whgliantization process in one clock cycle. Therthheughput
of [9] is probably higher than that reached by work, but it also used more hardware resources dbiamvork our
work.

7 CONCLUSIONS AND FUTURE WORKS

This paper presented an architecture with low east high throughput to the H.264/AVC forward quaation
module. Initially, the H.264/AVC standard and itaimy coding tools were explained to show in whainp this
work focuses. Then, the quantization module wasa@x@d showing its complexity inside the entire @her path.
Once the quantization bottleneck was discovered (iltiplication), several architectures of classialtipliers
were analyzed to find the best solution to be eggalan the proposed quantization path. The finaltsm for the
multiplier takes advantage of other operationsriteo to simplify the critical path. After that, tteethodologies
that were used in the development of this work vaascribed.

The design considers the parallelism of four sampler cycle and explores the maximum use of pipdaiages
between adders to speed up the coefficients priogedsrived from the transforms. The architectues described
in VHDL and synthesized targeting two different irologies: Altera Stratix II FPGA and TSMC 0.18um
standard-cells. The synthesis results appoint 3412 as maximum operation frequency. Thus, theitgrcture is
able to process around 117.4 QHDTYV frames per skddonsidering applications with low power restaos, the
designed solution achieves real time processindifgit resolution videos even in low frequencidsg 23.3MHz.
When compared with related works, the designeditethire presents very good results, mainly whengaring
throughput versus area, when our solution surpassectlated works with the same target technology.

As future works, it is intended the replacementhef operators by compressor adders to reduce itteakcdelay of

the architecture using less pipeline stages. Furthee, the power evaluation or the designed arctuite is also a
planned future work. This evaluation is importamtguide some optimization to reduce the energy wopsion,

since this characteristic is extremely importantsome applications, like mobile systems. Besidat) mwower

results, the comparison with related works caneggpe this important non-functional characteristic.
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