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Abstract— In designing video encoding systems, several struction and data parallelisms. Cost may be decreased by
issues exist such as real-time constraints, low power, area, reducing the area of hardware and by utilizing application-
and flexibility that must be addressed when designing such gpecific flexible hardware, which allows modification after
systems. While these issues can be addressed by differenty i anfactured and which can be reutilized in subse-

solutions, the challenge lies in finding a single solution that uent desian cveles. The desian and implementation qoals
provides an adequate balance between the mentioned issuesJ gncy ' 9 P 9

In this paper, we describe a VLIW (Very Long Instruction  ©f \_/ideo processing applicf':\tions can be. achieved 'by idgn—
Word) processor that is based on a scalable template and tlfylng the most computationally intensive operations in
that addresses the above-mentioned issues. We optimize thevideo processing.
VLIW processor by incorporating new functionallunits a_nd Video encoding is usually an initial stage in many video
extending existing ones in order to support motion estima- . esging applications found in consumer electronics,
tion. Results show that our solution in supporting the full- - : o

such as digital video cameras, etc.. Within video encod-

search algorithm can perform real-time video encoding. The . . . . "
estimated area of the VLIW is 1.1mn?. Furthermore, our M9 motion estimation plays an important role as it is one

solution is adaptable in the sense that other less compute- Of the most computationally intensive operation [5], [6].

intensive search algorithms can also be supported. The pre- In addition, higher performance of video encoding can be
sented work is an initial step towards a fully programmable  achieved by optimizing the motion estimation algorithm

video encoding processor that is also able to support opera- gnd its hardware.

tions such as DCT (Discrete Cosine Transform), IDCT (In-
verse Discrete Cosine Transform), quantization, etc.

Keywords— Video encoding, motion estimation, VLIW,
scalable VLIW template.

The goal of our project is to implement motion estima-
tion, as part of a video encoder, on a VLIW template-based
architecture. A VLIW processor allows us to utilize a num-
ber of functional units in parallel, each dedicated to a spe-
cific instruction set. High performance of a VLIW can be
. INTRODUCTION achieved by utilizing a number of functional units in paral-

In recent years, we are Witnessing a shift of Consum@l [1] Video data in combination with an algorithm forthe
video applications into the domain of mobile handhel@otion estimation process allows us to utilize instruction
mass-produced devices [13]. At the same time, thef#d data-level parallelisms in order to achieve high perfor-
exists a steadily growing demand for high-performanc@ance. This is accomplished by mapping computationally
hardware for video applications. Therefore, the desightensive instructions on a number of functional units that
and implementation goals of video application-related sygperate concurrently. Moreover, the performance can be
tems should include the following: achieving sufficientlyincreased by extending the instruction set of a standard
high performance with relatively low power consumptiorfunctional unit. Thereby, we can support a non-standard
and at relatively low cost. Achieving high performancéperation that takes more than one cycle to execute on a
(in other words, satisfying real-time constraints) and lowtandard functional unit.
power consumption at the same time appear to be contrain this paper, we present the implementation of a VLIW
dictory. However, it can be achieved by optimizing algoprocessor that is based on a scalable template. The im-
rithms such that computationally intensive calculations afdementation is optimized by incorporating new functional
mapped on specialized hardware that exploits potential innits and extending existing ones in order to support mo-
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tion estimation. Results show that our solution can sujntroduced as a technique to capture the motion of ob-
port the full-search algorithm, in the real-time encoding gfects in a video sequencéotion estimation facilitates
QCIF frames {76 x 144) at 30 frames per second with athe removal of temporal redundancies between consecu-
search depth of 6 pels. The estimated area of the VLIW iwe frames by estimating the movements of objects in a
1.1mn?. video sequence [12]. The motion estimation can be per-
The remainder of this paper is organized as follows. Iformed for each pel in a frame (pel-based motion estima-
Section Il, we present the background on video encodirtipn) or for a block (block-based motion estimation). In the
and the utilized VLIW processor template. In Section lllremainder of this paper, we focus solely on block-based
we discuss our implementation on the mentioned VLIWhotion estimation.
processor template. In Section IV, discuss how our design . o
has been verified and we present an evaluation in terfs Block-based Motion Estimation
of performance and area. In Section V, we present someln block-based motion estimation, the current frame is
concluding remarks. divided into macroblocks (a6 x 16 array of pels) and
the relative location of the most closely resembling mac-
roblocks in the reference frame must be determined (see
In this section, we present some background on boffigure 1. Motion estimation is performed by comparing
video encoding and the utilized VLIW processor templatea certain macroblock in a current frame with the set of
macroblocks in a reference frame (see Figure 1) in order
A. Video Encoding to find the best match [7], or, in other words, the small-
Digital video data (further, video data) in its raw formagst difference between two macroblocks. In order to better
is enormous in size and therefore, it is expensive to stowgderstand motion estimation, we define the following:
it, process it, or transmit it. As a result, video data is be- Search area(see Figure 1) is the part of a reference
ing encoded to reduce its size in order to satisfy storagiéame where candidate motion vectors are restricted.
processing and transmission requirements [4]. High com-Candidate motion vectoris the definition of spatial dis-
pression ratios of video data can be achieved by exploitifjacement of a reference macroblock from a position of
the high degree of data redundancy in video sequences [g]/rent macroblock.
There are three types of redundancy that are exploited forThe best motion vectoris a candidate motion vector
video encoding [9]: which points to the best matching reference macroblock.
« Spectral redundancyis exploited to compress video
data by converting pélvalues from in theRGB col-
orspace formatto the Y C,.C;, colorspace format, where Candidate The best
each single pel is encoded with one luminance (Y) and two motion vectors - motion vector
chrominance (¢, C,) components. ! /\H
» Spatial redundancy represents the correlation of pel i
values in a frame. BLi
o Temporal redundancy is the redundancy found be- *
tween video frames, which are usually similar unless when
there is a scene change or when there are moving objects.
In this paper, we address the temporal redundancy, Searcharea ) Current macroblock
. . e . . Comparison of
which is specific for encoding video data. To remove the macroblocks
temporal redundancy, a predictive coding technique can be
employed [10]. This technique can be utilized to encoded. 1. Comparison between macroblocks in the current and in
consecutive frames that usually do not differ very mucHhe reference frame.
in order to achieve higher compression. In this case, pels
in one frame can be predicted by pels at the same loca-The speed in finding the “best” matching motion vector
tion in a consequent frame. However, such an approathdetermined by the following: search area, search algo-
is not very efficient to implement, because objects tend téhm, and cost function. A large search area translates
move in consecutive frames. Motion estimation has beémnto many more comparisons to be made and thus decreas-
Lpel is the smallest element of any system that represents data in lﬂg the speed. An extensive Sea_rCh algorlthm, .€., one
form of two-dimensional arrays of visual information [11]. with many steps, also translates into a larger number of
2Colorspace format is a method for representation of a single pel. comparisons to be made. A complex cost function, which

II. BACKGROUND

Reference frame Current frame

—»]
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determines what is the “best” match, also translates into C Controller A )

v

a decrease of speed, because many more (or more com- _ ROM Standard
plex) operation must be performed. On the hand, having gegier Controller = L
a large search area, an extensive search algorithm, and a ' e

. . . . . Muxes A\ [
complex function might result in finding a much better
“best” matching motion vector. _— oo ot Data bus

. . ata pal ontrol pal
The choice of a search algorithm, as well as a cost func-

tion depends on the accuracy of the best motion vector Fig. 2. Template-based VLIW.

needed and the speed and complexity requirements of a
video encoder. Accuracy is needed to find a better match
between two macroblocks in order to achieve higher com- I1l. | MPLEMENTATION

pression ratio of video data. ) ) ) ) o
The main focus of implementing the motion estimation
C. VLIW Processor Template process on a VLIW processor template is on the design
The AIRT (Algorithm to Register Transfer) DesignerOf spgcmc functional units and on the exte_nsmn pf th_e in-
: ) . .= . struction set that could accelerate the motion estimation in
Pro is a CAD (Computer Aided Design) tool, which is". . . . :
video encoding. Consequently, we identify the most time-

iliz implement an algorithm in digital synchron I . .
utilized to implement an algorit digital synchro Ouscrltlcal functions, that have large influence on overall per-

hardware [2]. More precisely, the tool helps to OIOtimalhformance of the motion estimation process, map them on

ransl n algorithm written in th rogramming lan-_. . . .
translate an algorit te the C progra g1a existing standard and new functional units.

guage into an RT (Register Transfer) level hardware de- . ) . .
For the implementation, the model of motion estima-

scription of a processor-like architecture. In order to ef-

ficiently implement an algorithm, the C code of the mo'glon unit has been defined in the C programming language.

tion estimation process is described in such a way thg |s|mog|etl a.”OV\IIS us t(: };erlfyhlts;unctlonilrl]t):hat sof’lgware-
A|RT Designer recognizes possible instruction-level paLeve and to implement It on hardware wi ¢RT De-

allelisms s_igner. The motion estimation model is purposely defined
The AIRT Designer CAD tool offers a template-base

@ot to be dependent on a certain search algoAtimor-
VLIW architecture that is tuned to support the motion esti-

der to design a more general structure of the VLIW pro-
mation process. With the template-based VLIW we caﬁeszqfrr' Therefore;i the hardV\I/f[t_re/sif:[[\l/qvare par;[_ltlon _sptI;]ts
explore the balance between the performance of fixeﬁle fierences and commonalities ot the operations in the

functionality specialized hardware (in other words, ASIC O:Lon estlmatt_lon r?odel. Jgetdlﬁerte_nt ope:atlonts, SgCh
and the flexibility of a general-purpose processor. Unlik s (he generation ot a candidate motion vector set and re-

general-purpose processors and ASICs, the flexibility a |5|em|ent ?f\{;‘\/ﬁand'datti motion vector, ars specn‘leg at SOﬁ'I

specialization of a template-based VLIW processor is ng\‘atr_e ev;a ' d_zretas, t(_acommton ope(rjaflotnts]Z Sgljc atts evar

fixed. It is therefore possible to shift the implementatio ation of candidate motion vVectors and fetchin fizita

to either the ASIC side or to its general-purpose proceé‘q an internal memory, are implemented at hardware level.
t

sors counterpart by introducing extra resources that ¢ ,?th operations require more attention due to the fact that
increase the flexibility [3] ey are the most time-critical operations of the motion es-

The generated processor consists of functional units tﬁh’%‘a“on procgss |mplemepted |n.hardware.
Both operations are refined with the help ofRX De-

are controlled by a VLIW-type controller. Such a structure i i . ” .
is scalable for parallelism as well as for performance. TH9Ner in order to find the most time-critical functions that

main difference between a general VLIW structure and tHEImpI‘OVGd could accelerate the motion estimation pro-

current template-based architecture lies in the type of re@gss' The absolute difference operation is the most time-

ister files utilized. For a general VLIW structure there i§r|t|cal Lunctlondfor e\;altfjf?tlor'l OI: candlda}te mo_tl'onl\f/ec—
typically one register file utilized for all functional units,tors' Whereas, data shufiling is the most time-critical func-

whereas in a VLIW structure, implemented byRT De- tion for f_etchlng pel da_ta tp an internal memory. The ap-
signer, each functional unit can have its own register fiI%OIL;te difference funct:co?] is implemented ?S an extlens_lon
thus making a VLIW implementation scalable. to the instruction set of the standard ALU functional unit.

A template-based VLIW consists of a set of functiona?huming is implemented as a custom defined functional

units that operate In paraIIeI (See Flgure ZDRA DeSIQner_ 3Here, the sum of absolute differences is utilized as a cost function.
supports standard as well as custom designed functionalppy the luminance component is utilized for evaluation of candi-

units. date motion vectors.
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unit, which, in addition, includes memory block for stor- Parameters
ing pel values of reference macroblocks and a current ongFunctional unit Input Output |Quantity

During the instruction scheduling and resource allocar width width
tion process in ART Designer, we are able to apply cer-| ASB.MS 2 x 32 32 1
tain instructions to a particular functional units. Their size (pel data interface)
is reduced by optimizing the C description of the motionfl ROM 7 8 1
estimation model. Since video data in all units of an en; (Read Only Memory)
coder, except the motion estimation, is being processed aROMCTRL - 15 1
a number o8 x 8 pel-blocks we decided to implement the | (memory for constants)
structure of the VLIW capable of processifigpels at a | ALU 2 x 32 32 3
time. All pel-related functions, such as loading from in-| (Arithmetic Logic Unit)
ternal memory, bilinear interpolation, absolute difference ALU 2% 16 16 6
calculation etc., processpels at a time. Such a structure | ACU (address 3% 16 16 2
of the VLIW still allows to flexibly implement other, video | computation Unit)
encoder-related, functions, such as DCT, quantization etC.ACU 3 % 32 32 1

MULT 2 x 16 32 1
IV. VERIFICATION AND EVALUATION (Multiplication Unit)

Behavioral verification is performed by utilizing VHDL | MULT 2x9 18 8
modeling and at netlist-level in CMOS12 technology with| IM_-RB 16,2x32 | 8x8 |1
the Cadence NCsim tool. The Ambit CAD tool is uti- | (Internal memory for
lized to synthesize the netlist-level description. The pert reference macroblocks)
formance and hardware resources are evaluated accordingvl -CB 16,2x32 | 8x8 |1
to the results of the /IRT Designer and NCsim simula- | (Internal memory for
tions. Whereas area is estimated according to the results: candidate macroblock)
of Ambit synthesis. Verification is performed with the fol- TABLE |

lowing specifications:

o Clock-speed i400MHz.

« One frame, QCIF176 x 144), is being processed.
« Macroblock’s width isl6 pels.

 Internal memory slze !331 >f.5 macroblocks. unit where a register file belongs to. The size of multi-
« Full search algorithm is utilized.

' ) .plexors depends on the number of data transitions amon
« Search depth i§ and motion vectors are represented |r$) P g

I/quarter r unctional units.
pe arter S The width of a very long instruction word in the VLIW

According to these specifications, the motion eStimati_OFB‘rocessor is a good parameter for performing optimiza-
process was performed correctly. The hardware-level SiPans during the design with JRT Designer. The imple-

uIatlon_ resul_ts match the ones acquired during softwargsanied VLIW processor has a very long instruction word
level simulations. which is413 bits wide and the motion estimation process
requiresl 28 such instructions in total to complete.

FUNCTIONAL UNITS UTILIZED IN THE IMPLEMENTATION OF
THE VLIW PROCESSOR

A. Structure

Table | shows the set of functional units (together witf?- Performance Evaluation
their size) utilized in the implementation of the VLIW. According to the clock cycle count report, generated by

The number and the size of hardware resources (oth®fRT Designer, we can estimate the number of clock cy-
than functional units), such as register files, multiplexorsles required to complete the motion estimation process for
also have an impact on the performance, power consungene frame. This allows us to estimate the performance of
tion, and area figures of the VLIW. The size of these rahe implemented VLIW processor. Although this report
sources is defined by thelRT Designer automatically, al- is generated when full search of motion estimation is em-
though, they might be directly controlled by modifying theployed with a certain search depth, it is relatively trivial
C source code and by assigning instructions to the partito estimate the number of clock cycles required for other
ular functional units. The size of a register file depends aearch algorithms and various frame sizes, because the
the life-time of variables applied to a particular functionagjenerated VLIW processor is not dependent on a particu-
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lar search algorithm. According to the accuracy of motion Resource Area,um? | Percentage
vectors, we can estimate the number of clock cycles for| Reference MBs’ RAM| 500000 44
both cases: when motion vectors are represented in pel of Current MB’s RAM 60000 5
guarter accuracy. The following equations 1 and 2 define Instruction ROM 92000 8
the number of clock cycles to complete the motion esti- ALUs 189641 17
mation process when motion vectors are in pel and quarter ACUs 0451 1
accuracy accordingly. Multipliers 43670 4
Multiplexors 29830 3
C = SAW _cols - SAW _rows - (B_width - 7+ 3)+ Register files 178417 16
) ROM 11958 1
+F _rows - F_cols - ((6 + Bwidth - T)+
+CMV _count - (B-width - 5+ 21)+ Total area 1124731
+SAW rows - (B_width - 7+ 3)) + 50 TABLE Il
1) AREA CONTENTS
where:
C' - the number of clock cycles required to complete mo- -
tion estimation for one frame. the same specifications are extracted from a database of

SAW rows, SAW cols - the number of rows and CMOSI2 technology. A fast single port SRAM memory
columns, respectively, in the search area window that dgodule is utilized for the evaluation of the internal mem-

fines the size of the internal memory. ory that stores a current macroblock. A fast dual port
B_width - the width of a macroblock, which is specified>RAM is utilized for the evaluation of the internal mem-
as16 pels in the design. ory that stores reference macroblocks. A high-speed pro-

F_rows, F_cols - the number of rows and columns, re.grammable ROM module is utilized for the evaluation of
the instruction memory. Table Il presents the number of
resources that consumes the most amount of area in the
implemented VLIW processor. Whereas, Figure 3 depicts
C = SAW _cols - SAW _rows - (B_width - 7+ 3)+ the graphical view of the area contents.

+F _rows - F_cols - ((6 + B_width - 7)+
+CMV _count - (B_width - 14 + 36)+
+SAW _rows - (B_width - 7+ 3)) + 50 Current ME's RAM Instruction ROM

(2) Reference MBs' RAM

spectively, in a frame.

Functional units

According to the NCsim hardware-level simulations
(when the frame size 576 x 144, search depth i$ and
bilinear interpolation is performed) the number of clock
cycles to complete motion estimation for one frame is
2269396. It is relatively close to the estimated number
of clock cycles according to the results off¥ Designer.
The difference lies in the actual implementation the VLIW
at hardware level, where more cycles are required than Fig. 3. Area contents.
A|RT Designer estimates.

Multiplexers

Other Register files

C. Area Evaluation V. CONCLUSIONS

. . Y/ n ing i Il n initial f man
For area evaluation, actual memory units are specified deo encoding is usually a tial stage of many

as ‘black boxes’, because they only have a VHDL-Ieve\f'deo processing applications found in consumer electron-

description, which is dedicated only for behavioral veri‘"> such as digital video cameras, etc.. Within video en-

fication and can not be utilized for efficient area anaIyQOdmg' motion estlmatlon_plays an mp_ortant role_ being
e of the most computationally intensive operation. In

sis. Instead, area parameters of realistic memories wi .
this paper, we presented an approach of mapping the mo-

The height of a row, as well the width of a column, afepels. tion estimation process to a VLIW processor template in
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order to increase the performance of motion estimation.
Furthermore, the approach is such that it still allows us
to flexibly include support for other video encoding oper-
ations, e.g., DCT, IDCT, quantization, etc.. We have in-
troduced new functional units and extended existing ones
in order to include support for motion estimation. Fur-
thermore, we have extended the instruction set with an
instruction that initializes the sum of absolute differences
operation, which is one of the most time-critical operation
in motion estimation, on the functional units. The imple-
mented VLIW processor is able to perform in real-time
full search (search depth & candidate motion vectors
are in pel accuracy and frame rate3is fps) motion es-
timation of QCIF frame 176 x 144) with a clock speed at
approximately50MHz. The estimated area of the VLIW

is 1.1mn?. Furthermore, our solution is adaptable in the
sense that other less compute-intensive search algorithms
can be supported, such as three-step search, 2D logarith-
mic search, 3D recursive search.
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