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H.264/AVC Baseline Profile Decoder
Complexity Analysis
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~ Abstract—in this paper, we study and analyze the computa- can vary by orders of magnitude in terms of computational com-
tional complexity of a software-based H.264/AVC baseline profile plexity, decoder implementations usually entail the same level
decoder. Our analysis is based on determining the number of basic of complexity. This is because the behavior of the decoder is

computational operations required by a decoder to perform the key - .
decoding subfunctions. The frequency of use of each of the required fully specified by the standard that it supports and the charac-

decoding subfunctions is empirically derived using bitstreams gen- teristics (e.g., bit rate, resolution) of the coded content that it
erated from two different encoders for a variety of content, reso- must process. Therefore, it will be simpler and arguably more

lutions and bit rates. Using the measured frequencies, estimates of yseful to study and analyze the computational complexity of the
the decoder time complexity for various hardware platforms can H.264/AVC baseline decoder.

be determined. A detailed example is provided to assist readers in . . .
deriving their own time complexity estimates. We compare the re- To estimate the computational complexity of an H.264/AVC

sulting estimates to numbers measured for an optimized decoder Paseline decoder implementation, it is important to understand
on the Pentium 3 hardware platform. We then use those numbers its two major components: time complexity and space (or
to gvaluate the dependgnce of the time complexity Of each of the storage) complexity. Time complexity is measured by the ap-
major decoder subfunctions on encoder characteristics, content, proximate number of operations required to execute a specific

resolution and bit rate. Finally, we compare an H.264/AVC-com- . | tati f lqorithm. A cl imol tati f
pliant baseline decoder to a decoder that is compliant with the implementation of an algorithm. A clever implementation ot a

H.263 standard, which is currently dominant in interactive video ~given algorithm may have significantly lower time complexity
applications. Both “C” only decoder implementations were com- than a less clever one for a given hardware platform despite

pared on a Pentium 3 hardware platform. Our results indicate that  the fact that the two implementations produce identical results.
an H'264/'?‘VC rllnaselme decoger IIS' apg)roxuénately 2.5 times more gy4rage complexity is measured by the approximate amount of

time complex than an H.263 baseline decoder. memory required to implement an algorithm. It is a function
Index Terms—Complexity, decoder, H.264/AVC, H.26L, JVT.  of the algorithm, though it may be affected somewhat by
implementation design specifics. The cost of hardware for

I. INTRODUCTION a given .application is a functic_m of both time a}nd gtorgge

) ~complexity as both affect the size of the underlying circuits.

HE ITU-T/ISO/IEC draft H.264/AVC video coding |n this work, the computational complexity of the H.264/AVC
standard [1] promises improved coding efficiency ovesaseline decoder is studied and analyzed in the context of

algorithms are based on the same block-based motion cafsp/media processor.

pensation and transform-based spatial coding framework ofj, 3 software implementation, the time complexity of an al-
prior video coding standards, H.264/AVC provides highgjorithm’s implementation in conjunction with its memory band-
coding efficiency through added features and functionality;igih requirements determine the time that is required to exe-
However, such features and functionality also entail additionglie the algorithm on a specific hardware platform. The memory
complexity in encoding and decoding. The computationghngwidth of an algorithm’s implementation is loosely defined
complexity of the coding algorithms directly affects the cosfs the bandwidth that is required to move data from memory to
effectiveness of the development of a commercially viablge processor and back in the course of execution. A viable soft-
H.264/AVC-based video solution. ware architecture will strike a balance between the time spent
In this paper, we study and analyze the computational cogherating on data and the time spent loading/storing the same
plexity of the H.264/AVC baseline profile decoder, which Wejata. A typical H.264/AVC baseline video decoder has large
describe in Section II. Unlike encoder implementations, Whiqlﬂemory bandwidth and computational resource requirements,
making this balancing act all the more difficult. Consider an ex-
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Fig. 1. Block diagram of an H.264/AVC decoder.

pre-loading data to a data cache, an intermediate memory lottan VI, we discuss (using empirical results) the behavior of the

tion that provides very fast data access to the processor, can aile264/AVC baseline decoder as a function of content, resolu-

viate the memory 1/O bottleneck in this example. When a godithn and bit rate. Section VII presents results that quantify the

balance between memory bandwidth and operations is achiewdifference in time complexity between a decoder compliant with

the time complexity of an algorithm provides an accurate esthe baseline profile of the emerging H.264/AVC standard, and a

mate of the execution time for a given implementation of atlecoder compliant with the H.263 standanghich is currently

algorithm on a specific platform. dominant in video conferencing applications. Conclusions are
In a software implementation, some storage complexity canesented in Section VIII.

be traded for time complexity. However, a minimum amount of

storage is oftenrequired for an efficient software implementation. II. H.264/AVC DECODER OVERVIEW

Knowledge of such minimum storage requirements for an . . . .
g g d As with all popular video coding standards, the operation of

H.264/AVC baseline decoder is important, particularly in the ) ; 1
case of DSP/media processors where memory cost is a Ia%%omphant H.264/AVC decoder is fully specified by the stan-

component of the overall system cost. The storage requireme d. The decodmg' process consists of |nterp.ret|ng. the coded
ofanH.264/AVC baseline decoder are presented in Section Illﬁxmpms of a compliant bltstr'e'am.and. processing this data ac-
the remaining sections of the paper, we focus onthe evaluatioﬁ:8ffdIng to thg standard specification in Ord?” to genergte are-
the time complexity of an H.264/AVC baseline decoder softwa L nstrut_:ted video sequence. H'26.4/AVC defines a hybrid block-
implementation. First, we develop and validate a methodolo sed video codec, similar to earlier standards such as IS.O/IEC
for estimating decoder time complexity. The methodology allow: PEG-2, ITL.J'.T H.261, and_ H.263. Such codecs coml:_nne Inter-
the reader, using data presented in this paper (and elsewher !%ure pred|ct|qn to exploit temp_oral redundancy V\.”th trans-
derive the time complexity estimates for a variety of operati rm-based codlng (_)f th_e pr_ed|ct|on errors to explc_)lt the spa-
conditions and processors. Second, we study the relations re_zdundancy within this s_lgnal. Thus, the decodlng process
between decoder time complexity and encoder characteristi¢ |:15_|sts ge_nerally of two primary paths: the generation Of. the
source content, resolution and bit rate. predicted video blocks and the decoding of the coded. residual
We take a systematic approach to quantifying the time COI1;)|I_ocks. The sample values of the oqtput blocks resgltmg from
plexity of an H.264/AVC baseline decoder. The basis of Oﬁpese two paths are summed and clipped to the .val!d'range for
method is to determine the number of basic operations requit%éel data to fo”'.‘ the rgconstructed blocks. While it is based
by the decoder to perform each of the key decoder subfunctio Q.the same hybrld-cod_lng_ f_ramework, the H'264/AV.C _stan_darc_;l
The number of times that these subfunctions must be perfor atu.res a number of S'gr?'f'ca”t. compopents that dl_stl_ngwsh It
is measured using bitstreams generated from two different m its predecessors. This section provides a description of the
coders (that are compliant with the latest draft of the standar fa flow and_processes of an H.264/AVC decoder. For a de-
the time our experiments were performed [4]) for different coﬁ‘:jlI ed descrlptlon of the gtandard, see [5]. .
tent, resolutions and bit rates. By mapping these computationaf‘ g_ene_rallzed block diagram of an H.264/AVC decoder is
requirements to the processing capabilities of several hardwgpéen in F'g' 1. The H.264/ A.\VC.decodershares sgvgral common
platforms, an estimate of the decoder’s time complexity can catures with all other hybrid video decoders. This includes the

determined for each platform. Our methodology is described

in Section IV. In Section V, we compare our time Complexit 1Although more recent (e.g., MPEG-4 simple profile) and/or more successful
. . . e.g., MPEG-2 Part 2 or H.262) visual coding standards exist, the H.263 standard

eSt'ma.tes to emp'r.'cal results generated for an optimized G€nere compared to H.264/AVC baseline, which also targets real-time video

coder implementation on the Pentium 3 (P3) platform. In Se@mmunication applications such as video conferencing and video telephony.
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buffering of the input bitstream, entropy decoding, motion-com-
pensated prediction, inverse scanning, quantization and trans-
formation, and the summation of the prediction and the trans-

form-coded residual video blocks. e h f h
The incoming video bitstream is stored in a buffer at the
input to the decoder. The first stage in the decoding process b g c g

includes the parsing and decoding of the entropy coded bit-

stream symbols that are stored in the buffer. In H.264/AVC, two

different entropy coding modes are supported at this &inee,

simple universal variable length coding (UVLC) method, which

makes use of a single code-table for all syntax elements; a”ﬂg’%‘z. Spatial relationships of the integer position A, half-sample positions

more complex and compression efficient context-adaptive hirdc, and quarter-sample positions, d, e, f, g, h and i.

nary arithmetic coding (CABAC) method. The complexity of

the CABAC decoding method is derived from the fact that it . . . : . .

is a bit-serial operation, requiring several operations to be p%r-MOFlon vectorsare coded dn‘_ferentlally usmg_elt_her median or
ectional prediction, depending on the partitioning mode that

formed sequentially in order to decode each bit of data. In a‘|('jsl'used for the macroblock. For each motion vector, a predicted

dition, CABAC decoding requires continuous updates to a Iar%%lck must be computed by the decoder and then arranged with

set of context models throughout the decoding process, and otfier blocks to form the predicted macroblock. Motion vectors

arithmetic decoding of symbols. The UVLC method can be im- ) - !
: . . or the luminance component are specified with quarter-sample
plemented using a relatively small number of operations, re- : . )
- ; . ccuracy. Interpolation of the reference video frames is nec-
quiring the parsing of each symbol and table lookups. Since thé . .
. L . sary to generate the predicted macroblock using subsample
analysis presented in this work focuses on the baseline profile . . S
. , - accurate motion vectors. The complexity of the required inter-
of H.264/AVC (which supports two other profiles, namely Main . ' . ) o
polation filter varies depending on the phase specified by the

Profile and Extended Profile), only the UVLC method is ad- . ) lock usi
dressed. motion vector. To generate a predicted macroblock using a mo-

The various syntax elements of the bitstream are demuHon vector that indicates a half-sample position, an interpola-

plexed for use in different processes within the decoder. Hig%c-m filter that is based on a 6-tap windowed sinc function is
level syntax elements include temporal information for ea

Cﬁhmployed. In the case of prediction using a motion vector that
frame, slice coding type, and frame dimensions. H.264/AV

|8dicates a quarter-sample position, filtering consists of aver-
coding, as with earlier standards, is based primarily on ma%gmg two integer- or half-sample position values. Fig. 2 shows
roblocks consisting of one 16 16 luminance-sample block and

e spatial relationship of the integer, half- and quarter-sample
. ositions. A bilinear filter is used to interpolate the chrominance
two 8 x 8 chrominance sample blocks. Onthe macroblock lev . .
. . rames when subsampled motion vectors are used to predict the
syntax elements include the coding mode of the macroblock, in- . .
i ) . - . underlying chrominance blocks.
formation required for forming the prediction, such as motion .
: - . H.264/AVC also supports the use of multiple reference
vectors and spatial prediction modes, and the coded informa- - . :
. ; . rames for prediction. Selection of a particular reference frame
tion of the residual (difference) blocks, such as the coded bloc : . .
. e IS ' made on a macroblock basis. This feature can improve both
pattern (CBP) and quantized transform coefficients.

. . coding efficiency and error resilience. However, this feature
Depending on the coding mode of each macroblock, the pre- . !
. . . " also requires that the decoder buffer store several previously
dicted macroblock can be generated either temporally (intey- .
. ) : ; - . ecoded and reconstructed frames, rather than just the most re-
coding) or spatially (intra-coding). The prediction for an inter- . : . ,
: . . cent reconstructed frame, increasing substantially the decoder’s
coded macroblock is determined by the set of motion VeCt%Semo requirements
that are associated with that macroblock. The motion vectors e 0" "€

. o - ; For intra-coding of macroblocks, two different modes are
dicate the position within the set of previously decoded frames ) . .
. . : . . Supported. Inthe 4 4 intra-coding mode, each44 luminance
from which each block of pixels will be predicted. Each inter: o ; -
‘qulock within a macroblock can use a different prediction mode.

coded macroblock can be partitioned in one of seven ways, w. ere are nine possible modes: DC and eight directional pre-

luminance block sizes ranging from 616 samples to 4 4 diction modes. The time complexity of generating the predic-

samples. Also, a speciakip mode exists in which no motion . . : . ;
P P . p . for each mode varies, with the DC, vertical, and horizontal
vectors (or coded residual blocks) are transmitted. Thus, 0— : . .

. : . modes being the least complex, and the diagonal modes being
motion vectors can be transmitted for each inter-coded m

roblock. Finally, note that additional predictive modes are su?;s-e most complex. With the 16 16 intra-coding mode, which

ported when B-pictures are employed, and since we focus Or%]enerally used for coding smooth areas, there are four modes

. . . available: DC, vertical, horizontal, and planar, with the latter
the pasellng prqﬁle of H.264/AVC, only I- and P-pictures arEeing the most complex. The prediction of intra-coded blocks
considered in this work.

is always based on neighboring pixel values that have already
2An entropy coding mode, content-adaptive variable-length coding (CAVLd)een decoded and reconstructed.

introduced in [6] was recently incorporated into the draft standard to encode Thea decoding of a residual (difference) macroblock requires

the quantization indices of transform coefficients, subsequent to the analyzes . .

prepared for this paper. Our latest empirical experiments suggest that (:Avﬁiat a number of inverse transforms be performed, along with

decoding is roughly two times more time complex than UVLC decoding. ~ associated inverse scanning and quantization operations. The
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TABLE |
STORAGE REQUIREMENTS IN BYTES, FOR THEH.264/AVC BASELINE PROFILE DECODER

Formula

707

Buffer name QCIF CIF
w=176, h=144n=1 w=352,h=288 n=1

Reconstruction 1.5*w*h 38016 152064
frame
Reference frames n*1.5*w*h 38016 152064
Slice map w/16*%h/16*4 396 1584
Reference indices w/16*h/16%4 396 1584
Motion vectors w/16¥h/16*64 6336 25344
Intra-prediction w/16*h/16*16 1584 6336
modes
CBP values w/16*h/16*4 396 1584
MB types w/16*h/16 99 396
QP values w/16*h/16 99 396
CAVLC 1.5*w/16*h/16*16 2376 9504
coefficient counts
MB temp data ~2043 2048 2048
Constants ~2048 2048 2048
TOTAL (n+1)*1.5*w*h + 91810 354952

w/16*%h/16*118 +

4096

encoding of a difference macroblock is based primarily ohhese parameters determine whether 0, 1, or 2 samples on

the transformation of 4 4 blocks of both the luminance andeither side of the edge are modified by the standard filter.

chrominance samples, although in some circumstances, a

second-level transform must be performed on the DC coeffi- 1. H.264/AVC BASELINE DECODER STORAGE

cients of a group of & 4 blocks. More specifically, a special REQUIREMENTS

2 x 2 transform is applied to the 4 DC coefficients of the blocks . .

of the chrominance samples in a macroblock. For macrobloqtl)(sThe. store_xge required by an H.264/AVC baseline decoder can

that are being coded in the ¥616 intra-coding mode, an € divided into four memory classes. )

additional scan and transform are applied to the DC values of1) Memory that is needed for the whole fram&his

each of the 16 4 4 luminance blocks of a macroblock. memory includes reconstructed frame memory and ref-
The inverse transforms that are required for each macroblock ~€rence frame memory. Assuming a 4:2:0 picture format

are determined based on the coding mode and the CBP of the With 8 bits per color component, one pixel requires 1.5

macroblock. The input data are the run-level codes (for the  bytes of storage.

UVLC entropy decoder) that are parsed by the entropy decoder2) Memory that is needed for one line of macroblocksis

These are ordered based on the run values through the inverse Mmemory includes tables that are used for loop filtering

scanning process and then the levels, which represent quantized and intra predlct_lon. The loop filter and spatial prediction

transform coefficients, are inverse quantized via multiplication ~ Processes require values from macroblocks above them

by a scaling factor. Finally, the integer-specified inverse trans- SO the whole line of values has to be stored.

form is performed on the inverse quantized coefficients. The 3) Memory that is needed for a macroblockais memory

inverse transformed result for each macroblock is added to the  includes temporary buffers that are used for storing trans-

predicted macroblock and stored in the reconstructed frame form coefficients, prediction values and pixel values. Itis

buffer. possible to reduce this memory to less than 1 kbyte by
In the final stage of the decoding process, an H.264/AvC  copying prediction and reconstruction values directly to

decoder must apply the normative deblocking filtering process, _ the frame buffer. .

which reduces blocking artifacts that are introduced by the 4) Memory that is needed for constant daféhis includes

coding process at block boundaries. Since the standard specifies Variable-length decoding (VLD) tables, intra-prediction

that the filter be applied within the motion compensation loop, ~ Probability tables and a few other small constant tables.

any compliant decoder must perform this filtering exactly. Table | presents a summary of the storage requirements of an

Since it is inside the motion compensation loop, the deblockity264/AVC baseline decoder. In the tabieis the width of the

filter is often referred to as a “loop filter”. The filtering is based

on the 4x 4 block edges of both luminance and chrominance

components. The type of filter used, the length of the filter, 3The specification of the loop filtering has been modified slightly subsequent

and its strength are dependent on several coding parameterd ¢ draft standard upon which this paper is based. The main effect of the
I ictur ntent on both sides of each edge. A stron changes is that the possibility of parallelism in the filtering operations has been
Well as picture co ge. %5roved, which has reduced the complexity of the filtering by 25%—-50% for

filter is used if either side of the edge is a macroblock boundabgpr/media processor implementations. For the P3 processor, upon which our
where one or both sides of the edge are intra-coded. The |engﬂfpirical analysis is based, the change in the complexity has been found to be

. . . . uch smaller, although the complexity here has also been reduced somewhat
of the f'lte“ng is also dgtermlned by the SamP|e values OVgle 1o increased possibility of SIMD processing and fewer operations required
the edge, which determine the so-called “activity parametersd filtering.
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picture,h is the height of the picture andis the number of ref- task depends on the intended use of the estimate. For hardware
erence frames. As expected, frame buffers dominate the stordgsign, often a worst-case estimate is warranted, other times
requirements, particularly for high-resolution video (95% foan average-case estimate is of interest, still other times the
QCIF, 98% for CIF). Itis also clear from the table that less thamorst-likely-case estimate is considered. Next, we describe
1 Mbyte is required when CIF resolution and three refereneemethodology and provide tools in the form of data tables
frames are used. Missing from the table is the memory requirgtht together will be used to derive H.264/AVC baseline video
for the bit buffer that holds bits received from the bitstream. Thiecoder time complexity estimates over a variety of operational
size of the bit buffer depends on the implementation. In low-ersgenarios.
systems, the size of the bit buffer might be only a few hundred o
bytes, while in high-end systems it could be as big as the numHer Table Descriptions
of bits needed for storing one or more uncoded video frames. |n this subsection, we describe the contents of the data tables
that lie at the heart of the time complexity analysis methodology.
As detailed later, the decoder subfunction, operation count, and
execution subunit tables may be used to estimate the time com-
plexity of the H.264/AVC baseline video decoder.
As mentioned in Section I, H.264/AVC contains a number 1) Decoder Subfunction Tablesthe decoder subfunction
of optional coding features that can have a significant effetebles contain data that describe the frequency of use of the de-
on decoder time complexity. The features used in our analysisder subfunctions (e.g., loop filter). Although we have gener-
represent the current understanding of the features of the baaed several tables containing frequencies as a function of con-
line profile of H.264/AVC at the time our experiments werdent, resolution, bit rate, and encoder type, we present a subset
performed. This profile would most likely be used in the firsin Table Il. Specifically, Table Il contains frequencies corre-
generation of H.264/AVC-based video products, particulargponding to the CIF video sequences Mobile and Calendar en-
those that require real-time encoding. This profile’s featu®ded using the JM encoder with a fixed quantization parameter
set includes I- and P-pictures only, UVLC entropy coding, an@@P) of 21, and Foreman encoded with a QP of 28, respectively.
up to five previous reference frames for motion-compensated?) Operation Count Table:The operation count table con-
prediction. tains a detailed description of the number of fundamental oper-
To develop both the theoretical and experimental results, wgons required to perform the key decoder subfunctions. Each
have generated bitstreams using two H.264/AVC baseline eype of operation in the table is listed in a separate column.
coders with differing characteristics. The use of two differeno better understand how the operation count table was con-
encoders helps to establish the amount of variation that mighitucted, consider that in a given decoder implementation, there
be experienced in decoder complexity as a function of the efre two type of operations categories. One category includes
coder’s characteristics. The first encoder is the public JM li$plementation dependent operations that are strongly depen-
encoder, which performs an exhaustive search of all possillent on the hardware platform and varies widely with imple-
motion vectors in at32 search range around the median pranentation. For example, on some hardware platforms, function
dicted value and coding modes in order to achieve near-optingalls are computationally expensive. Consequently, a good soft-
rate-distortion performance. The second encoder is a real-tigggre implementation may replace frequently used calls with
H.264/AVC encoder developed by UB Video Inc. This encodehe source code of the referenced functions using a procedure
differs from the JM encoder in that it implements suboptimaalled function in-lining. On other platforms, this strategy may
motion search and mode decision algorithms in order to reduseinappropriate. Other examples are operations related to loop
the encoder’s time complexity and thereby enable real-time asverhead, arithmetic related to computing memory load, and
coding. The UB Video encoder is highly optimized algorithstore locations and special-case codes for boundary conditions.
mically, enabling it to achieve objective and subjective perfolFhe other category includes those fundamental operations that
mance levels close to those of the JM encoder with significandyery H.264/AVC compliant video decoder must perform. Ex-
reduced time complexity [7]. amples of these fundamental operations include the computa-
To generate the bitstreams, we have used a set of three QGién of loop filter output values and 6-tap half-sample and bi-
and three CIF-resolution video sequences. The QCIF video #iaear quarter-sample interpolation values. The operation count
guencesare Containerand Foremanat10Hz and SilentVoice afdifle accounts for the operations in this second category only.
Hz. The CIF video sequences are Parisat 15 Hz, and Foreman arfthe operation count tatflés quite large. For clarity, in
Mobile & Calendar at 30 Hz. Each video sequence was encodgble Ill, we present the number of required basic operations
by each of the two encoders at three different bit rates. The $er the three most compute intensive subfunctions of the
lectedratesrepresenttypicalvideo dataratesusedinvideoconfigeoder: 1) inverse transform and reconstruction (including
encing systems. Neither ofthe two encoders employed arate-cipierse quantization and secondary DC transforms); 2) inter-
trol method, and as such the target rates were approximatedggyation; and 3) loop filtering. These subfunctions account
choosing, in each case, a constant quantization parameter thaige71% of the decoder’s time complexity in the UB Video
SU|ted- in a.n a\{erage bit rat? that is-neareSt to th? target rate.. 4The complete set of decoder subfunction tables may be found [Online] at
Est_lmatmgtlme_Complexnyofgwde_o decoderlsachalIenglrkgtp://spmg_ece.ubc.cajhzmcomplexity_
and time-consuming task. Besides its dependence on factOksyis can  be obtained in its entrety [Online]  at
such as the source video content, resolution and bit rate, thig://spmg.ece.ubc.ca/h264complexity.

IV. H.264/AVC BASELINE DECODERTIME COMPLEXITY:
THEORETICAL ANALYSIS
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TABLE I
SUBFUNCTION FREQUENCY OFUSE (DATA SPECIFIED ASAVERAGE NUMBER OF SUBFUNCTION EXECUTIONS PER SECOND)

Foreman, QP =28 Mobile, QP =21
Skipped macroblocks 43228 276.7
Inter-coded macroblocks 72223 11545.7
Intra-coded macroblocks 3349 57.6
Inverse Quantization
DC Luma Coefficients 69.8 333
AC Luma Coefficients 2785.7 67915.7
DC Chroma Coefficients 586.5 3631.5
AC Chroma Coefficients 332 7443.1
Transform and Reconstruction
4x4 Luma Transforms 2591.8 28266.6
4x4 Chroma Transforms 1918 13899.1
4x4 Luma DC Transforms 37.0 7.2
2x2 Chroma DC Transforms 826.6 6972.0
Interpolation
"b" 4x4 blocks 30669.4 37481.2
"c" 4x4 blocks 8713.8 6134.2
"d" + "e" 4x4 blocks 24141 59797.4
"f" + "g" 4x4 blocks 89454 22023.6
"h" 4x4 blocks 13634.2 13634.2
"i" 4x4 blocks 6307.2 6307.2
Loop Filter
Edges with Non-zero Strength 343608.4 746964.8
Filter Type Decision (L+C) 322985.2 332858.8
Strong Luma Filter 5770.7 269.1
Strong Chroma Filter 3882 493.5
Standard Filter (PO + Q0) 3133325 332096.2
Filter P1 or Q1 304341 160411.8
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encoder. Note that there is a near one-to-one correspondeswigfunction operations onto the hardware, applying single-in-
between the rows in the operation count table and the rowssimuction multiple data (SIMD) parallelism and distributing the
the subfunction tables to facilitate the process of combinimgquired operations as efficiently as possible among the exe-
data to generate a time complexity estimate. cution subunits on the hardware. In the second step, the cycle
3) Execution Subunit TableThe execution subunit table count estimate is derived by multiplying the intermediate result
(Table 1V) contains data that identifies the execution subuniti®m the first step by the frequency with which the subfunction
capable of performing each of the basic operations foundivas used. The subfunction frequency data is available in the
the operation count table for four hardware platforms. It isubfunction tables (see Table Il for an example).
apparent from the data in the table that all platforms haveWe illustrate the time complexity estimation methodology in
several execution subunits operating in parallel to enhangetail with an example in which the number of cycles required
efficiency. The execution subunit table may be easily extended,execute the 4 4 inverse transform and reconstruction is es-
allowing time complexity estimates to be derived for otheimated for the TriMedia TM-1300 for the CIF video sequence
hardware platforms. Mobile and Calendar encoded at 30 frames/s with a QP of 21.
There are two cases to consider when analyzing tket4n-
verse transform and reconstruction. The first case is when both
Here, we describe a method of using the tables descridée inverse transform and reconstruction are required, and the
above to derive lower-bound time complexity estimates féecond is the reconstruction only case where no inverse trans-
H.264/AVC baseline decoder implementations on a variety tirm is necessary (i.e., no nonzero coefficients were decoded).
hardware platforms. The method consists of two basic stepg) estimate for the number of cycles required in each case is de-
In the first step, we compute the number of cycles required tived below. Finally, the estimates are then combined with the
execute a particular subfunction on a chosen hardware plagbfunction frequency data to yield the time complexity esti-
form. This intermediate result may be derived by mapping theate.

B. Analysis Methodology
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TABLE 1lI
SUMMARY OF THE SUBFUNCTION OPERATION COUNT TABLE
) Add8 [ Add16 | Mult8 |Multl6 | MAC8 [MAC16| Branch | Shift | Load | Store | AND | OR | ?
Inverse Quantization
DC Luma Coefficients 0 | Ync 0 |[2Y¥pc | O 0 0 [2Ypc| 0 |Yoe| O OO
AC Luma Coefficients 0 0 0 Yac 0 0 0 0 Yac | Yac 0 010
DC Chroma Coefficients 0 Crpc 0 Crpe 0 0 0 [2Crpc|] O |[Cmpc| O 0|0
AC Chroma Coefficients 0 0 0 Crac 0 0 0 0 | Crac|Crac| 0 010
4x4 Inverse Transform + Reconstruction 0 96 0 0 0 0 0 32 48 16 0 010
4x4 Null Inv. Transform (reconstruct only) 0 0 0 0 0 0 0 0 16 16 0 010
4x4 Luma DC Transform ) 0 64 0 0 0 0 0 0 16 0 0 010
2x2 Chroma DC Transform (u & v) 0 16 0 0 0 0 0 8 0 0 01]0
Luma Interpolation (ops per sample)
"b" (MAC support) 1 2 0 0 1 0 0 1 7 1 0 [o]o
"b" 0 6 0 2 0 0 0 1 7 1 0 |ofo
"c" (MAC support) 2 5 0 0 2 3 0 1 |20 3 0 lojo
"c" 0 17 0 6 0 0 0 1 20 | 3 0 o]0
"d", "¢" (MAC support) 2 2 0 0 1 0 0 2 9 | 2 0 o]0
"d", "e" 1 6 0 2 0 0 0 2 9 2 0 01]0
"f", "g" (MAC support) 3 6 0 0 2 3 0 3 124 | 5 0 lo]o
", "g" 1 17 0 6 0 0 0 3 24|50 ]o]o
"h" (MAC support) 1 2 0 0 0 12 0 3 16 | 3 0 ]ojo
"h" 1 12 0 4 0 0 0 3 16 | 3 0 [0]oO
"i" - "funny position™" 4 0 0 0 0 0 0 121210 ]o0fo
Chroma Interpolation :
One Chroma Sample (MAC support) 0 1 0 0 0 2 0 1 1 0 0|0
One Chroma Sample 0 4 0 4 0 0 0 1 4 1 0 |o]o
Deblocking Filter (ops per block edge)
Strength Measure (inter-coded blocks) 0 5 0 0 0 0 1 8 11 1 4 317
Strength Measure (intra-coded blocks) 0 0 0 0 0 0 0 0 0 2 0
Edges With Non-Zero Strength 7 0 0 0 0 0 125 1025(525] 0 2.5
Filtered Edges
Filter Type Decision (luma+chroma) 2 0 0 0 0 0 1 0 2 0 3 0|2
Strong Luma Filter (MAC support) 4 10 0 0 6 0 0 6 2 6 0 ]Jojo
Strong Luma Filter 28 0 2 0 0 0 0 12 | 2 6 0 lo]o
Strong Chroma Filter (MAC support) 0 8 0 0 4 0 0 4 2 4 0 010
Strong Chroma Filter 20 0 0 0 0 0 0 8 2 4 0 0|0
Standard Filter p0 + q0 0 0 0 0 0 0 2 2 2 0 0|2
Standard Filter p1, q1 (each) 3 0 0 0 0 0 0 2 0 1 0 0|2

5 The method for computing the quarter-sample value at the funny position was changed in the draft standard subsequent to the analyses performed in this
paper. The new value requires the same time complexity to compute as the quarter-sample values at the positions labeled “h”.

TABLE IV
A MAPPING OFEXECUTION SUBUNITS TO ARITHMETIC OPERATIONS FORSELECTED HARDWARE PLATFORMS

Add8| Addlé Add32 | Mult8 | Multl6 | MAC8 | MACI16| Branch | Shift | Load | Store OR AND ?:
TriMedia 1,3 1,3 1,234,5 | 23 2,3 2,3 2,3 2,34 1,2 145|451 12345 | 1,2,34,5 [1,2,34,5
PentiumIII | 1,2 1,2 1,2 N/A 1 N/A 1 2 2 3 4 1,2 1,2 1,2
TI C64x 1,2 11,2,56,7,8[1,2,56,78| 34 34 N/A N/A 56 [3456] 78 | 7,8 11,256,78/1,2,56,7,8| 1,2
Equator
BSP-15° 24 24 1,2,3,4 2,4 24 24 24 1,3 24 |13 (13 1,2,34 1234 11234

6 The BSP-15 has four functional units, an I-ALU and IFG-ALU for cluster 0 and I-ALU and IFG-ALU for cluster 1. In Table 1V, the functional units
are numbered 1, 2, 3, and 4, respectively.

Case 1: 4x 4 Inverse Transform and Reconstructioihe ture using data extracted from the operation count (Table Ill) and

operations used in thex4 inverse transform and reconstrucexecution subunit (Table IV) tables as shown in Table V. Next,
tion are mapped onto the TriMedia TM1300 hardware architeitie parallelism provided by the SIMD feature of the architecture
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TABLE V TABLE VI
MAPPING OF4 X 4 INVERSE TRANSFORM OPERATIONS ONTO THE MAPPING OF4 X 4 RECONSTRUCTIONONLY OPERATIONS ONTO
TRIMEDIA TM-1300 THE TRIMEDIA TM-1300
Operation | Operation Count Sub-units Capable of Operation | Operation Count Sub-units Capable of
Performing Operation Performing Operation
Add 96 1,2,3,4,5 Store 16 4,5
Shift 32 1,2 Load 16 4,5
Store 16 4,5
Load 48 4,5

follows that the computational burden for reconstruction only
] ) ) ) IS 242954.3 x 16 = 3887 268.8 cycles/s. The value, 242 954.3
is taken into account. For the inverse transform subfunction, ROyerived using the fact that there are 396 macroblocks/frame
SIMD parallelism is exploited. Therefore, the cycle countis . 54 4y 4 plocks/macroblock 30 frames/s= 285 120 4x 4
estimated by distributing the required operations among the @ - s/s. A transform was applied to 42165.7 of the 4
ecution subunits capable of performing the operations so ag{8cks, consequently, 242 954.3 required reconstruction only.

minimize the total numbe_r of cycles. More specifically, the mingp, 4 computational cost estimate is computed by summing the
imum number of cycles’ is computed as follows: cycle estimates for the two cases. That is, the estimated cost of

(A+S+ST+L) (A+ S+ ST) the 4x 4 inverse transform and reconstruction for Mobile at a
C =max 5 ; 5 QP of 21 is1 644 462.3 + 3887268.8 = 5531 731.1 TM-1300
cycles/s.

(A+ ”f + L), (A+ Lf ST), (A + S4T +1) Finally, we note that it is possible to compute alternative

9 9 lower-bound time complexity estimates using variations on the
(4 :L 5)7 (4 tST), (4 J: L)7 (8 +4ST) method described above. For example, to derive a benchmark

N N o for the time complexity, it is necessary to identify the most

(s Z L)7 (ST; L)7 é ; STT7§ computationally complex decoding mode (e.g., intra-coding)

o]

for a particular hardware platform using the operation count
(A+S+ ST+ L)
= = 38.4 cycles

1) and execution subunit tables. Once identified, a lower bound
b for a benchmark time complexity estimate may be derived
where A, S, ST, and L represent the number of adds, shiftsynder the assumption that every macroblock is to be decoded
stores, and loads, respectively. Rounding to the next higher ii-that mode.
teger, the 4 4 inverse transform and reconstruction requires
39 cycles on the TriMedia TM-1300 architecture. For complete- V. H.264/AVC BASELINE DECODERTIME COMPLEXITY:
ness, we show all operation combinations in (1). COMPARATIVE ANALYSIS

Case 2: 4x 4 Reconstruction OnlyAs for Case 1, the op- | section IV, two factors lead to the lower bound estimates,

erations are mapped onto the hardware as shown in Table ¥l more precisely, the under estimation of the time complexity.
Also in this case, SIMD parallelism is not applied. Thereforgsirs; recall that the operation count table contains data for only

the minimum number of cycleS'is computed as follows: those operations that are fundamental to the decoding process.
(ST+ L) ST L (ST + ) Overhead oper_a.tions such as loop oyerhead, flow control, and
¢ = max T, 9| T T 9 T 16 cycles. boundary condition handling are not included. Second, we as-

sume that the software is designed so that the overhead due to
Now that an estimate for the number of cycles required tostruction cache misses is negligible, hardware register counts
execute the subfunction has been computed, the overall caare not exceeded and operation latency is hidden. Therefore, it
putational cost is derived by combining the cycle estimate with usual practice to multiply an estimate derived using similar
the subfunction frequency data provided in the subfuncti@ssumptions by a factor of 2—4 (depending on platform and al-
table. More specifically, from Table Il we see that an average gbrithm) to achieve a realistic time complexity target for highly
42 165.7 (28266.6 luminance and 13 899.1 chrominance®4 optimized platform specific code. For optimized code that is hot
inverse transforms are required per second to decode Molplatform specific (i.e., “C” only code), factors of 3to 5 are more
and Calendar encoded by the JM encoder with a QP of 2gpical. In fact, in this section we will show through two exam-
Using the cycle estimate derived in the first step, the computales and through an analysis summary for the Pentium 3 (P3)
tional cost due to the # 4 inverse transform and reconstructiorthat the theoretical estimates are approximately two to six times
is42165.7 * 39 = 1644 462.3 cycles/s. Likewise, noting that, lower than the experimental results. Furthermore, our results
on average, 242 954.3 blocks/s require reconstruction onlysktow that the specific factor within this range for each subfunc-
6The TriMedi . . " _ }ion depends mainly on the characteristics of the subfunction,
e TriMedia TM-1300 data bus is 32 bits wide. Consequently, it is possible . .
ch as the regularity of operations, amount of overhead, and

to perform two 16-bit loads or four 8-bit stores per operation, thereby reduciﬁ’é‘I . ]
the total operation count. Sometimes data must be reformatted using pack Em@mory-bandwidth requirements, and the use of platform-spe-

merge instructions to exploit the SIMD parallelization of loads and stores othgfjc optimization (i.e. MMX code on the p3)_
times reformatting is not necessary. Since parallelization of loads and store% il . 't,th | din Secti Y, t
is beneficial only sometimes, we have opted not to try to exploit this kind of Vv€ Wil NOW revisit the example used In section [V, excep

parallelism to simplify our methodology. that we now develop estimates for the Pentium 3 platform. More

Authorized licensed use limited to: National Chiao Tung University. Downloaded on September 27, 2009 at 05:12 from IEEE Xplore. Restrictions apply.



712 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 13, NO. 7, JULY 2003

specifically, we will estimate the number of cycles required to TABLE VII
execute the 4« 4 inverse transformation and reconstruction for ~ MAPPING OF4 X 4 INVERSE TRANSFORM OPERATIONSONTO THE P3

th.e P3 for the video sequence Mobile and Ca}lendar encodec Operation | Operation Count Sub-units Capable of

with a QP of 21. The same two cases are considered. Performing Operation
Case 1: 4x 4 Inverse Transform and Reconstructiofihe Add 926 1,2

operations used in thex4 inverse transform and reconstruc- Shift 32 2

tion are mapped onto the P3, as shown in Table VII. Next, the _ Store 16 4

parallelism provided by the fact that the P3 has several execu- __Load 48 3

tion units is taken into account. Therefore, the minimum cycle

countC' is computed as follows: TABLE VIII

MAPPING OF4 X 4 RECONSTRUCTIONONLY OPERATIONSONTO THE P3

(A+S+2+xST+L) (A+S5) A

C= ,—, 8, 8T, L
ax 3 o2 2T Operation | Operation Count Sub-units Capable of
A+ S+2xST+ L Performing Operation
:( 3 ) = 69.3 cycles Store 16 4
Load 16 3

where A, S, ST, and L represent the number of adds, shifts,

stores, and loads, respectively. Therefore, the cost of tad 4 nd 10.29% of 274.39 million cycles/s gives 28.23 million

inverse transform and reconstruction is 69.3 cycles on the P cycles/s for this process. Therefore, the ratio of measured to

Casg 2. 4x 4 Reconstruction OnIyA_s in the first case, the theoretical performance results is (28.23 million)/(6 974 588)
operations are mapped onto the Pentium hardware as shown In
Table VIII. Assuming SIMD parallelism is not exploited, for— 4.05. . . .
reasons described in an earlier examplesan be computed as Fgllowmg the approach described above, we arrive at a the-
follows: oretical est_lmate of 4815346 P3 cycles/s to decode F_oreman

' encoded with a QP of 28. The VTune results show that inverse
(2% ST + L) 7 1| — 16 ovel t_ransforms aqd reconstruc_tipn account for 10:6% of the decoder
3 2= lboycles time complexity, or 19.5 million cycles/s. This is a factor of 4.05
larger than the theoretically derived result.

Next, from the subfunction table, we see that 42 165.7 total The above example indicates that, as expected, the theoretical
4 x 4 transforms/s are required on average to decode Mobdstimates are approximately 4:1 lower than the experimental re-
and Calendar encoded with a QP of 21. Using the cycle estimatéts. On average, across all sources and data rates, we found
derived above, the computational cost due to theddinverse the theoretical estimates to be 3.6 times lower than the measured
transform and reconstruction4g 165.7x69.3 = 2922083.01  values, as shown in Table IX. The same table, which displays the
cycles/s. Similarly, noting that (30 frames/896 macroblocks (theoretical/experimental) estimate ratios for several sequences,
per framex 24 4x 4 blocks per macroblock)}—42 165.7A resolutions, and bit rates, also demonstrates that our theoretical
242954.3 4x 4 luminance and chrominance blocks/s requiranalysis can be used effectively to predict accurately the time
reconstruction only to decode Mobile and Calendar encodedmplexity of a H.264/AVC baseline decoder implementation
with a QP of 21, it follows that the computational cost foon a specific general-purpose platform.
reconstruction only i242954.3 x 16 = 3887 268.8 cycles/s. From Table IX, we can also observe that for each sub-
Therefore, the estimated cost of the 4 inverse transform and function, the ratio of theoretical to measured complexity is
reconstruction for Mobile with a QP of 21 5922083.014+ remarkably similar from one sequence to another despite sig-
3887268.8 = 6809351.81 Pentium 3 cycles/s. nificant differences in source format, content and data rates.

If we continue with this example to also include other com-lowever, these ratios do vary significantly between the dif-
ponents of the reconstruction process, such as inverse quantigeent subfunctions. These variations can be explained by the
tion of coefficients and the second-level transforms that appijffering characteristics of the subfunctions in terms of the
to 16x 16 intra-predicted macroblocks and chrominance maamount of complex logic and overhead incurred in the im-
roblocks, we arrive at atheoretical result of 6 974 588 Pentiump&mentation of each subfunction, as well as the level of
cycles/s for the entire reconstruction process for Mobile amgbtimization in the implementation of each subfunction (e.g.,
Calendar at QP of 21. the use of processor-specific code).

To see how the above result compares with empirical data,Notably, the luminance interpolation subfunction yields the
we generated profiling results with Intel's VTune Performandewest ratio of theoretical to measured cycles (that is, our es-
Analyzer. This software analysis tool allows a user to colletimate is most accurate on this subfunction), with an average
run-time data indicating the number of cycles consumed lo§ 1.8:1 across the test set. This subfunction requires minimal
each section or function of a piece of software. For our analy$igyic and overhead. Also, the implementation of this subfunc-
on a 600-MHz P3, we first note that 600 million cycleg/630 tion includes extensive processor-specific optimization, since
frames/s)/(65.6 frames/s) 274.39 million cycles/s are needed the simple functions are more easily implemented using MMX
to decode 1 s of Mobile and Calendar wihP = 21. The code.

VTune analysis shows that 10.29% of the decoder computation®©n the other hand, the subfunction with the highest ratio is
are used for transforms and reconstruction for this sequenttes chrominance interpolation, with an average of 5.8:1. There

C = max
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TABLE IX
EXPERIMENTAL (VTUNE)/THEORETICAL ESTIMATE RATIOS FOR THEP3

Container Foreman Silent Paris Foreman Mobile

(QCIF, QP=15) | (QCIF,QP=24) | (QCIF,QP=22) | (CIF,QP=17) | (CIF, QP=28) (CIF, QP=21)
Loop filtering 2.57 2.36 2.71 2.85 2.58 2.84
Reconstruction 3.90 3.79 3.94 4.57 4.05 4.05
Luma interpolation 2.25 1.45 1.87 2.14 1.62 1.72
Chroma interpolation 6.38 4.94 6.12 6.96 5.42 5.81

are a few factors that contribute to a larger amount of overheadeasonable representation of those that would be produced
and more difficult optimization of this subfunction compareéh future products by off-line and real-time H.264/AVC base-
to the luminance interpolation. One important difference is thime video encoders, respectively. Further, certain encoder-spe-
for chrominance interpolation of each block of data, filter-tapific decisions, such as frequent intra-coded macroblock refresh,
coefficients are computed linearly based on the phase of theuld certainly have animpact on the complexity of specific de-
interpolation, rather than using fixed filter-tap values for eaatoder subfunctions, and consequently the overall decoder com-
phase, as is done for luminance. Also, the size of each blgalexity, but the effects of such decisions were not tested in our
of samples that are interpolated at once is smaller by a factxperiments.
of 4 (two in each direction) for chrominance, again, leading For each of the most computationally intensive subfunctions
to a larger percentage of overhead. Finally, our implementatiohthe decoder, we present an analysis of the factors that af-
of the chrominance interpolation subfunction does not includiect their complexity, as measured in our experiments. Since the
any processor-specific optimization. These differences lead toteice of encoder did not have a significant impact on the de-
much larger number of cycles being consumed by this subfurtmder complexity as measured in our experiments, this dimen-
tion than our theoretical analysis indicates. sion will be excluded from the discussion. All of the analysis
is based on VTune profile data generated using the UB Video
codec.

One of the most important pieces of information in the com-
plexity analysis of a system is the distribution of time com-

Analysis of the run-time profiling data of decoder subfunagslexity amongst its major subsystems. To this end, we have
tions generated by VTune over the test set used in our exp@énerated results that have been averaged over all sequences in
ments leads to a number of interesting observations regardihg test set. Loop filtering (33%) and interpolation (25%) are
the time complexity of an H.264/AVC baseline video decodethe largest components, followed by bitstream parsing and en-
In particular, the distribution of time complexity amongst detropy decoding (13%), and inverse transforms and reconstruc-
coder subfunctions and the effect that certain key factors, suwn (13%). In the following subsections, we discuss the factors
as the source content, resolution, bit rate and encoder chathet can affect the complexity of each of these important sub-
teristics can have on the complexity of each subfunction and theactions, as observed in our experiments.
decoder as a whole will be discussed. Our experimental analysis o
shows that the time complexity of the decoder and its major sufy- LOOP Filtering
functions are strongly dependent upon the average bit rate of th&he operation of the loop filter, which is one of the most com-
coded bitstream. Moreover, our results illustrate that the charatex parts of the decoder, can be separated into two subfunc-
teristics of the source content can also have a significant efféicins: the computation of the “boundary strength” parameter,
on decoder complexity, although such characteristics are m@&w, for each 4-sample edge segments and the content-dependent
difficult to quantify. filtering process. The purpose of the boundary strength compu-

However, one significant observation from our experimentation is to determine whether a block artifact may have been
is that the optimality of the motion estimation and mode dedntroduced over an edge, and thus determine the strength of the
sion processes in the source encoder do not have a signifidéter to be used on the edge segment, based on the parameters
impact on decoder complexity. This result is based on perfarsed in coding its bounding blocks. These parameters include
mance measurements from the two encoders that were usethaprediction mode (inter/intra), existence of nonzero residual
this study—the rate-distortion optimized public reference softransform coefficients, and differences in motion vectors across
ware and UB Video’s computationally optimized implementathe boundary. Since the computation of the edge strength is gen-
tion. Both encoders, which used the same picture structure (iexally performed in the same way for every macroblock, the
IPPP...), produced similar rate-distortion performance, with thigne required for this operation remains relatively constant per
reference software providing approximately 0.5 dB improvemacroblock over various types of content and bit rates. How-
PSNR. Of course, it is possible that another compliant encodsfer, at lower bit rates, and for nonactive content, our experi-
could produce bitstreams with more widely varying charactemental results show that the complexity of this operation can be
istics than those produced by the two encoders used in our eeduced slightly in some implementations. This reduction can
periments, and thus produce larger differences in decoder cameur because the strength computation can be simplified in the
plexity than those observed here. However, we believe that fhresence of skipped macroblocks, which occur more frequently
JM and UB Video encoders produce bitstreams that providethese cases. The boundary strength computation can also be

VI. H.264/AVC BASELINE DECODERTIME COMPLEXITY:
EXPERIMENTAL ANALYSIS
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simplified for intra-coded macroblocks, however, the amount of
intra-coding is limited in our experiments, and so thisisnota . S a
significant factor. ® Luma cycles "a
Unlike the strength computation, the complexity of the fil- 5000 A Chroma cycles -
tering process varies significantly with content and bit rate. The
most important factor in this variability is the percentage of
edges that might be filtered due to the boundary strength de-
termined for that edge. Edges of blocks that are copied directly
from a previous frame without having a difference in motion
vectors or nonzero residual data are not filte(@ = 0), 1000 | .,
since new blocking artifacts are not produced by such coding sl
modes. Therefore, nonactive sequences and those coded at lo 0 . ‘ ‘
bit rates that generally contain a high percentage of skipped 0 2 40 60 80 100
and zero-valued residual blocks contain fewer edges that re- Inter MB %
quire filtering. We observed in our experiments that the numblglr
of blocks with nonzero boundary strength and, consequentlf
the cycles consumed by the filtering operations, increase as the .
bit rate is increased. The increase is primarily due to a IardQFra'COded fr_ame) and th? content activity checks are always
number of blocks containing nonzero coefficients. Note ho/#2SS€d (as might happen in a smooth frame).
ever that at very high bit rates, when the quantization parameéer
falls below a particular threshold value that was not surpassed
in any of our experiments, the de-blocking filter is turned off Interpolation of reference samples to generate a motion-com-
regardless of boundary strength. pensated prediction is generally performed for each macroblock
For all edges witfBs > 0, a local activity check is performed that is inter-coded (i.e., not skipped or intra-coded). Thus, we
before performing each line-based filtering operation. TH¥Pect the average time required by the decoder for interpola-
purpose Of the Check is to prevent over-f”tering Of naturéion to be afunCtion Of the number Ofintel‘—COded maCI’Ob|OCkS.
edges. Depending on the architecture and implementation, fpr experimental results meet this expectation, as illustrated
percentage of the activity checks that are passed may adRd-i9- 3, which shows plots of the percentage of inter-coded
affect the complexity of the filtering process. Specifically, foPacroblocks as a function of the average number of cycles per
hardware and software implementations for highly parallel af@acroblock spent performing interpolation of luminance and
deeply pipelined architectures such as DSP/media processghgpminance samples for each case in the test set. The relation-
no computational savings will be observed if the activit§hip is approximately linear. Inter-coded macroblocks are used
checks result in frequent early exits from filtering. This ignost frequently when the content exhibits temporal redundancy
because efficient implementations for such platforms wouthat fits the H.264/AVC motion model, making intra-coding or
likely performall ofthefiltering operations and then conditionallpkiPPing less suitable as determined in our experiments with the
store the filtered output based on the result of the contefik€d quantization parameter.
dependent checks. However, on architectures such asthe PentiudYe can also observe from Fig. 3 that the time complexity of
processor used in our experiments, the cost of branchingth§ chrominance interpolation is just less than half that of the
not so high as to outweigh the cost of the filtering operatioddminance interpolation. This approximate relationship is ex-
that can be skipped, so the complexity of the filter varigaected, since there are half as many chrominance samples as
both with the number of edges witBs > 0, and with the there are luminance sample in the input data. While fewer basic
number of edges that pass the activity checks. Thus, cont8Rgrations are required per sample for the chrominance interpo-
that is high in spatial detail and contrast, which results jtion, there is also a larger proportion of setup and looping over-
many early exits at the activity checks, was observed in ofigad for chrominance, since the basis for interpolation is sub-
experiments to require fewer filtering operations, and therefos@mpled by a factor of 2 in each direction. Our results show that
fewer cycles in the decoder's loop filter function. these two factors roughly balance each other out in our imple-
It should be mentioned that, while our experiments and tieentation, resulting in approximately the same computational
above discussion address average time complexity measufgte Per sample for luminance as for chrominance.
over a number of different sequences, worst-case complexity is
generally the key design parameter used when constructin&'a
decoder. Since real-time decode and display capability is a reThe complexity of the inverse transform and reconstruction is
guirement, the decoder must posses the ability to perform ditectly affected by the number of blocks and macroblocks that
operations required for decoding the most complex complianintain nonzero coefficients. The macroblocks that are skipped
video bitstream within a fixed frame interval. Thus, in the casa inter-coded with no coefficients require only simple and reg-
of the de-blocking filter, an implementer would have to ensurdar copying of data from the reference frame or predicted mac-
that the decoding hardware can handle, in a fixed amountroblock to the current frame. However, inverse transforms, ad-
time, a worst-case bitstream representing a video frame in whitition of the coded residual and clipping must be performed to
all edges have nonzero block strengths (as they would in @tonstruct macroblocks with nonzero coefficients. Thus, the

4000 ——
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. 3. Interpolation complexity as a function of inter-macroblock frequency.
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TABLE X
DECODING SPEED RATIOS FORH.263 BASELINE AND H.264 BASELINE MEASURED ON THE600-MHz PENTIUM 3

715

Sequence H.263 Baseline H.264/AVC Baseline

QP Bit  Rate | Decoding QP Bit Rate | Decoding H.263/H.264

(Kbps) Speed (fps) (Kbps) Speed (fps) Speed Ratio
) 6 61 710 11 65 300 237
Container, QCIF, 10 Hz 9 30 900 15 32 390 231
13 62 580 18 66 230 2.52
Foreman, QCIF, 10 Hz 22 34 670 24 32 280 2.39
. 9 61 750 16 64 330 227
Silent, QCIF, 15 Hz 15 32 880 22 29 390 2.26
5 672 140 11 677 67 2.09
Paris, CIF, 15 Hz 10 298 183 17 313 82 2.23
21 111 220 24 116 100 2.20
9 652 149 14 680 56 2.66
Foreman, CIF, 30 Hz 14 342 192 19 326 67 2.87
31 149 225 28 120 85 2.65
] 12 1842 9 16 1723 44 2.18
Mobile &35‘;;2““”’ CF 3 699 130 21 704 55 236
31 443 155 26 307 65 238
AVERAGE 2.4

number of inverse transforms is a key factor in determining thesed video solution, a comparison of the decoding performance
complexity of this decoder subfunction. Again, the bit rate is thaf these two standards is valuable. As discussed previously in
most important factor that determines the number of nonzettds paper, the storage requirements of an H.264/AVC base-
blocks that require inverse transforms, with larger numbers diite decoder are dominated by frame buffers, the number of
curring at higher bit rates. which is determined by the number of reference frames that are

supported. In this section, we describe an experiment that we
D. Spatial Macroblock Prediction have performed to estimate the time complexity of decoding an

The time complexity of spatial macroblock predictioﬂ"'2_64/AVC base_line com_pliant_bitstream compare_d to decoding
(intra-prediction) is not a large factor in our tests, due to tHubitstream that is compliant with the H.263 baseline standard.

relatively small percentage of intra-coded macroblocks in Our comparison is based on two similarly optimized “C” only
our test set. Intra-coding is infrequent because the generatiégoder implementations running on a 600-MHz P3 PC. The
bitstreams only used a single intra-coded picture per sequergiggoders also used similar motion estimation and mode deci-
there was no forced intra-coding refresh, and there were sion processes while generating bitstreams compliant with the
scene changes in the source content. However, although it@spective standards. The H.264/AVC baseline encoder used the
not addressed by our results, the complexity of intra-predictisame feature set as in our previous experiments, as described in
can still be a major factor in certain video applications. Th8ection IV. Several QCIF- and CIF-resolution sequences were
amount of intra-coding and its effect on complexity are largegncoded by both encoders at a range of bit rates, using different
dependent on the application (i.e., how much intra-codirgpnstant quantization parameters to control the bit rate. The de-
it requires, either for the purpose of random access or erggding speed was measured for each coded sequence and bit
resilience). Of course, the content and the bit rate also afféate. These results, along with the speed ratio between the two
the amount of intra-coding in a bitstream. decoders for each sequence and matching bit rate, are presented
in Table X.
For all nine coded bitstreams, the ratio of decoding speed (ex-

luding overhead such as display and file access time) between

Bitstream parsing and entropy decoding time varies direc . LT
with the bit rate, as one would expect. More time is spent wi 263 basellr_le and H.264/AVC baseline lies in the range frpm
1 to 2.9, with an average of 2.4. Therefore, our conclusion

coefficients at higher bit rates, since they occupy a larger p that the time complexity of H.264/AVC baseline decoding is

centage of the bltstreqm, while more time is spent with mOtIcFv]vo to three times that of H.263 baseline decoding for a given
vectors at the lower bit rates. . .
sequence encoded at a given bit rate. We also note that at the

same bit rate, H.264/AVC baseline has a significant quality ad-

VII. TiME COMPLEXITY: H.264/AVC BASELINE VERSUS vantage, and if the goal in an application was to achieve sim-

H.263 BASELINE ilar visual quality, the H.264/AVC baseline bit rate could be

The baseline profile of ITU-T Recommendation H.263 is th5%—-50% lower than that of the H.263 baseline 0. Since low-
most widely implemented standard for use in real-time inteering the bit rate reduces the decoding complexity, as discussed
active video communications. Since the decoder cost is a ciit-the previous section, the ratio of complexity between H.263
ical factor in the cost effectiveness of deploying an H.264/AVGnd H.264/AVC would also be reduced in this scenario.

E. Bitstream Parsing and Entropy Decoding
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VIII. CONCLUSIONS Michael Horowitz received the A.B. degree (with

g distinction) in physics from Cornell University,
Ithaca, NY, in 1986 and the Ph.D. degree in electrical
engineering from The University of Michigan, Ann
Arbor, in 1998.

In 1998, he joined Polycom, Austin, TX, where
he invents and develops video algorithms for video
conferencing products. His recent work includes
perceptual video coding, video error concealment
for transmission of compressed video over lossy

In this paper, we study the computational complexity ¢
the H.264/AVC baseline decoder using both theoretical al
experimental methods. We derive our theoretical estimates us
bitstreams generated from two different encoders for differe
content, resolution and bit rates. Together with hardware-spec
cycle counts for each basic operation (e.g., add, shift)
well as measured numbers of computational OPErations Qb pEG-4 AVC baseine profie codec for video conferencing. He has
each subfunction (e.g., interpolation), the resulting frequenci@sved as ad-hoc group chair for H.264 complexity reduction in both the ITU-T
can be used to estimate the H.264/AVC baseline decodéleo Coding Experts Group and the ITU-T/ISO/IEC Joint Video Team and
time complexity for various hardware platforms. The resultin{§ou/a"y contributes to those standards commitiees.
estimates are on average 3.6 times lower than measured values,
and this is expected since we do not account for loop overhead
flow control, and boundary-condition handling, as well a
instruction and data cache misses and operation latency in
theoreticalanalysis. We also study the behavior ofthe H.264/A\
baseline decoderasafunction of encoder characteristics, cont
resolution, and bit rate. Moreover, we demonstrate, throu
the use of similarly optimi_zed decoder; on the P3 platf_orr involved in the development of software codecs for
that the H.264/AVC baseline decoder is two to three tim the H.264/MPEG-4 AVC standard. His research
higher in terms of time complexity than an H.263 baseline o interests include reduced-complexity algorithms for
decoder. Finally, we note that, at the time of the writing gfSe% 20co0ng, deo b s postirocessng, and mutimedi systems, e
this paper, H.264/AVC was still an evolving standard, and thort, particularly in the area of deblocking filtering and as a co-chair of the
final baseline decoder may differ from the decoder analyzedhocgroup for bitstream exchange.
in this paper.
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