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Abstract— Wavelet-based encoding is now emerging as an ef-wavelet encoded video against the currently widely used DCT-
ficient way to encode video for streaming over the Internet and pased MPEG encoded video. MPEG encoded video typically

for wireless applications. Wavelet-based video coding has been ; ; ; ; :
recently added to the JPEG-2000 video standards. As wavelet exploits temporal redundancy by employing motion estimation

encoded video emerges as the next generation video encodin(‘ilnd compensation techniques across framgs. Similar approache:
method, it is vital to compare the efficiency of wavelet encoded Nave been developed in the wavelet domain, but currently lack

video against the widely used DCT-based MPEG encoded video. standardization. This inter coding introduces dependencies of

However, due to the lack of long wavelet encoded video streams, subsequent frames, as well as buffer requirements and error-

most research has so far_ been based on short video traces. Thisspreading across multiple frames that reference a damaged
paper presents a comparison study on MPEG vs wavelet encoded

video traces for one hour movie excerpts with rate control. These Y'd_ec_’ fram_e. Intra COd”_]g' on the other hand,_ only codes
long video sequences allow for the evaluation of long range individual video frames without referencing other video frames.

dependency and self similarity of the generated video traffic, Intra coding typically results in larger frame sizes than inter

which has not been studied before in the context of comparing coding, but size differences between frame types and frame
DCT and wavlet-based encoding. We focus on the elementary asgize variability are reduced.

well as self-similar traffic characteristics of the encoded video. A
hump behavior for the variability of frame sizes is observed for With the increased utilization of wireless networks, low
increasing video bit rates for both wavelet and MPEG encoded complexity and high error robustness are desired features of

video. In addition, the quality characteristics of the encoded video id d . d t .. ¢ 11 B
is examined and related to the traffic. Our results indicate that the & V!0€0 (de-)compression and transmission system [1]. By

wavelet encoded video results in higher video quality than MPEG €mploying only intra coding (and no inter coding), error prop-
encoded video. For the frame size variability we find different agation and hardware complexity are minimized. An additional
characteristics depending on the aggregation level for a given data gpplication scenario for the streaming of intra coded video is
rate. The results also indicate that the variation of quality resulting {4 streaming of encoded video for later transcoding. In order
from the wavelet encoding is lower than for the MPEG encoded . . . .
video. to evaluate the impact of the different video encoding methods,
the traffic and quality characteristics for long video sequences
. INTRODUCTION have to be evaluated. However, due to the lack of long wavelet
encoded video streams, most research has so far been based o

Video streaming over the Internet and for wireless applica: . ! .
g PRI hort video sequences for wavelet encoded video. Long video

tions is now exploding as the next great forefront of networkin%éguences of actual movie content. on the other hand. have not
e H H

een studied to date. The traffic and quality characteristics of

Different video compression techniques have been standardi
to compress the video data for more efficient transport over thé ™" * . )

. . long video sequences in general are different from short scene-
network. Recently, wavelet transform based image and video . .
. . ased sequences, as they represent the aggregation of differen
coding techniques have emerged. The wavelet transform has

seenes and movie content. Most importantly it is impossible to

many advantages over the DCT transform. The most obvious o
them is the compact-support feature which makes it possiblef#dy the effects of long range dependency and self similarity

. . S . . video traffic with short video traces. In this paper we present
translate a time-domain function into a representation that is not :

. . A comparison study on DCT-based MPEG-4 vs. wavelet-based
only localized in frequency, but in time as well. The net resu

of this is that the wavelet transform can be conducted over t eC-3DEZBC encoded video characteristics based on one hour

entire image with reasonable computation and bit budgets. RE9 video traces generated from two movies.
DCT based transform, on the other hand, requires to windowThis paper is structured as follows. In the remainder of this
the source data typically into blocks of 8x8 pixels to meetection, we introduce related work. In Sectiibhwe describe
similar budgets. Thus, the obvious visual advantage idtloak the generation of the encoded video and video traces which
artifacts common in DCT based transforms are eliminated were used in the statistical analysis. In Seclibnwe examine
the wavelet transform. the traffic characteristics for both encoders. In Sectdnwe

As wavelet encoded video emerges as the next generatimmpare the quality statistics of the two encoding methods. We
video encoding method, it is vital to compare the efficiency @onclude summarizing in Sectidh.



A. Related Work use the publicly availabléfmpeg [16] program to generate
The wavelet transform has become popular in both, imagée uncompressed video with the NTSC frame rate of 30 frames
and video coding domains. Several video coders that utiliP€" Sécond and in QCIF format (176x144 pixels) directly from
the wavelet transform have been implemented and evaluatét$ DVD MPEG-2 video. For this study we used two movie
Furthermore the video coders have been extended to a€3Cerpts of 60 minutes (108,000 frame) length from the movies
D video codec, decomposing the frames spatially and tfi@€ TerminatomndThe Lady and The Tramp _
sequence of frames temporally. Naretaal. [2] have evaluated We encoded the thus generated raw video with the mo-
the three short sequenc&lair, Suzie,and Misam and the tOn compensated SQ embedded zerotree block coder (MC-
results show the compression ratio and the PSNR only f8PEZBC) [3]. For this study we use only the Intra frame
the 15th frame of those three sequences. They Compresgeggder/decoder capablhty. of the codec. We .truncated the
the three sequences using inter frame encoding in the wav&liginal wavelet encoded video stream at 10 different target
domain. The motion vectors were coded using a zerotree, wHaié rates of 25, 75, 100, 300, 600, 800, 1000, 1200, 1400 and
the wavelet coefficients were coded using Set Partitioning ¥900kbps. We refer to [11] for a more in-depth discussion on
Hierarchical Trees (SPIHT). In [3] and [4Mobile Calendar the generation of the wavelet encoded video streams using the
and Flower Gardenhave been used to evaluate the codecd¥C-3DEZBC encoder. The MPEG encodings were conducted
and the results only show the average PSNR for the entiféh the MPEG-4 reference encoder [17]. For the MPEG
test sequence. It has been common in studies and evaluat@Rs0dings, we use only intra coding with TM5 rate control [18]
of wavelet transform codecs to only use short sequencesthnatCh the above target bit rates used for the wavelet encoding
test the codecs and evaluate the codec in terms of the vid@pPerformance comparison. We note that the employed rate
quality, for example both [5] and [6] have usAdiyo, Foreman, control schemes are different for each coder, but are the defaults
Coastguard, NewsandHall Monitor sequences; [7] usedall fqr each encoding algorithm (i.e., wavelet or DCT). For each
and MIT sequences (results show only up to 90 frames); [¥ deo_ frame, we use the gncoder output to generate the trace
used Clair, Foreman and Miss Americasequences; [9] used filé With the video frame size and quality.
Mobile Calendar, Table Tennnd Flower Garden In [5], the. 1. V IDEO TRAEFIC CHARACTERISTICS
authors compare the quality for DCT- and wavelet-based video n this section, we compare the statistical video traffic char-
coding, but results are only provided for short sequences of 96I ' P

frames and for low target bit rates of 16 to 48kbps, while oL?rCte”St'CS of the MC-3DEZBC wavelet encodings with those

. : ) ) rom the MPEG-4 intra encodings, which we obtained from
comparison examines a wide range of target bit rates for lo

video traces. An image coding comparison of MPEG-4 ar generated trac_e files. W(_e focus in the presentation qf our
JPEG2000 has been performed by Moccagettat. [10] for results on the movid@ he_Termlnatqras they are representative

: . It_s)r both evaluated movie's.
Face, Bike, and Naturanages. The authors compare the PSN Let N denote the number of video frames in a given trace
values of these images using the JPEGeling JPEG2000, and ’

MPEG-4 vtc. For an extensive study on wavelet encoded lo L X, 1 =0,..., N — 1, denote the frame size (number of

video sequences of one hour using the 3D-EZBC encoder,r%ete) of the encoded (compressed) video frame fram@he

refer to [11]. Chaiet al. [12] have studied on the performancemean frame sizeX" of a given video trace is calculated as

of the MPEG-4 encoder using tH®remantest sequence. In _ 1 N
their study the authors only analyze the frame size and PSNR X=+ > X 1)
values for an exemplary 100 frames. A broad study on long n=0
MPEG encoded video streams has been done by ReissleiWith the maximum frame sizeX ..., defined asX.. =
al. [13], [14] where the video sequences studied consists of omexo<,<n-1 X,, we determine the peak to mean ratio of
hour long movie excerpts. the frame sizes a®¥2Mx = Xua/X. Although the peak
to mean ratio is commonly used to evaluate the variability of
Il. SETUP AND TRACE GENERATION the encoded frame sizes, it is highly prone to outliers. For
In this section we give an overview of the evaluation setupe evaluation of long video sequences, it is therefore more
and the generation of the video traces. Compared to aeasonable to evaluate the variability of the video frame sizes
previous work, see, e.g., [15], we generate the source videoterms of the coefficient of variation (CoV). The CoV gives
from a DVD source. DVDs contain MPEG-2 compressed videhe normalized averaged deviation of the individual frame sizes
streams, which may exhibit quality losses compared to th@m the mean frame size and is therefore widely employed in
original video as it was filmed. We reason, however, that thgrformance evaluation [19], [20]. With the standard deviation
typical quality of DVD video is superior to the grabbed VHSSy of the frame sizes defined as
raw video, as no problems such as frame drops, buffer over-

flows, or noise degrade the raw video data. In addition, we note Sy — 1 = X _ %) 5
that the video on DVDs typically is in high resolution and has XTAIN 1 (Xn —X)%, (2)
to be down-sampled. This down-sampling reduces the possible n=0

influence of visual impairments of the MPEG-2 encoded DVD 1y rgfer tohttp://trace.eas.asu.edu for the trace files for both

video. For the generation of the uncompressed video source,msies.



the coefficient of variatiorfCoVy of the frame sizes is calcu- characteristic of the coefficient of variation for both movies.

lated as We observe that for wavelet encodings the peak is located at
CoVy = 2X (3)
4] = —=.
YT X
Tablelll gives the aforementioned basic statistics and the com- ) T " Mpeg-Terminator ————
pression ratio (i.e., amount of data for the uncompressed frame -2 [~ Mpeg-Lady of the Tramp —<—
. . 1 Wavelet-Terminator -
size compared to the mean compressed frame sizeYlier | Wavelet-Lady of the Tramp =
Terminatorencodings with different target bit rates. We observe L e
TABLE |
OVERVIEW OF FRAME STATISTICS FORThe TerminatoENCODED WITH ;
WAVELET-BASED MC-3DEZBCAND DCT-BASED MPEG-4ENCODER 8
Target | Compress. Peak
Rate ratio |  Mean | CoVx to Mean
[kbpg YUV:Enc | X [kbyte] | Sx/X | Xmax/X
Wavelet
25 367.696 0.103] 0.198 2.979
75 121.979 0.312| 0.322 3.911 H H H H H H H
100 91.421 0416 | 0.334 3.826 0 200 400 600 800 1000 1200 1400 1600
300 30.434 1.249 | 0.340 4.173 Data Rate (kb
600 15.212 2.499 | 0.321 3.336 ata Rate (kbps)
800 11.408 3.332 0.307 3.096 Fig. 1. Coefficient of variation as function of target bit rate for wavelet 3D-
1000 9.126 4.166 0.297 2.867 EZBC and MPEG-4 encodings.
1200 7.605 4.999 | 0.284 2.766
1400 6.518 5832 | 0.272 2.642 ) i
1600 5.704 6.665 | 0.259 2.435 300kbps. For MPEG-4 encodings, the peak is located at 1Mbps.
MPEG-4 We furthermore observe that the level of variability depends on
52 ;ﬁgg 825 8'2}3 gigi the content (i.e., encoded movie) as well as on the encoding
100 74.149 0513 | 0319 4.061 type. The MPEG-4 encodings tend to have a higher variability
300 30.399 1.251| 0.338 12.455 compared to the wavelet encodings drte Terminatorencod-
ggg ﬁ-igg gggi g-gg ?-igi ings exhibit higher variability than thEhe Lady and The Tramp
1000 8.257 4604 | 0884 5.300 encodings. To study general characteristics without short-term
1200 7.602 5.001 | 0.826 4.879 effects, we average over non-overlapping blocks thmes for
1400 6.516 5.834 | 0.763 4.182 ;
1600 6360 297t | 0809 4501 an aggregation level. We calculate the sequence of averaged

aggregated frame sizes using the following notation. jet

that the wavelet encoder achieves a better match of the IO\H&nOte the non-overlapping block outi§fframes for which we

target bit rates than the MPEG encoder, which fails to mat(‘f\‘ff’mt to gvgrage over frames. The average aggregated frame
the lower target bit rates. For target bit rates from 25kbﬁézeX“(3 ) is then calculated as
to 100kbps the MPEG-4 encodings result in similar mean (+1)a-1
frame sizes of approximately 0.5kbyte. The target bandwidth % () _ 1 S X, forj=o,... N @)
of 100kbps is thus exceeded by approx. 26%. This behavior a ’ T a—-1
is due to the maximum quantization scale of 31 available in
the reference encoder implementation. With this bound on theFigurel2 we exemplarily illustrate the aggregated frame size
guantization scale, the TM5 algorithm is unable match theace forThe Terminatowith a target bit rate of 300kbps and
lower target bit rates. With data rates higher than 100kbpggregation level of, = 792. We observe that the TM5 rate
the compression ratios for both coding modes become vamntrol algorithm used for the MPEG-4 encoding produces a
close. For 25 and 75kbps, th&oVy and peak-to-mean ratio generally close fit to the target bit rate with a limited number of
are identical for MPEG-4. For the encoding with 100kbps targekceptions. The TM5 algorithm matches target bit rates at the
rate, we observe that the peak-to-mean ratio for the MPE&oup of Pictures (GoP) level. We note that the GoP length
encoding is no longer identical to that of the two lower targét our study equals a single frame. The TM5 therefore tries
bit rates while theCoVx is, which corroborates our previousto match the target bit rate for individual frames. For higher
reasoning in favor of th&®oVx as a robust measure of theaggregation levels the resulting average aggregated frame sizes
traffic variability. therefore typically exhibit lower variability than the individual
From Tablel we observe additionally that the coefficient oframe sizes, as can be obtained by comparing Figl msd2.
variation increases as the encoded video rate increases, reathesMC-3DEZBC, on the other hand, produces more variable
a peak, and decreases as the encoded video rate increggk®n frame sizes, but matches the target bit rate over longer
further, building ahump of variability. The result is presenttime scales. As result, the traffic produced by the MC-3DEZBC
for both, MPEG and wavelet encodings. The trend is mu@ncoder accurately fits the target bit rate overall, but produces
clearer, however, for wavelet encodings. Fidliibustrates this more variable traffic over shorter time scales.

i=ja
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Fig. 2. Aggregated frame size trace & 792) with target bit rate 300kbps Fig. 3. Autocorrelation as function of lag for wavelet 3D-EZBC and MPEG-
for The Terminatorencodings. 4 encodings.
The autocorrelation function [21] can be used for the de- IV. VIDEO QUALITY CHARACTERISTICS

tection of non-randomness in data or identification of an |n this section we compare the quality of 3D-EZBC and
appropriate time series model if the data are not random. OW®EG-4 encodings based on the peak signal to noise ratio
basic assumption is that the observations are equi-spaced. [#8NR). Video quality evaluation can be done either sub-
autocorrelation is expressed as a correlation coefficient, referjegkively (i.e., by viewing and evaluating the encoded video
to as autocorrelation coefficient (acc). Instead of the correlatigith a sufficient number of subjects) or objectively (i.e., by
between two different variables, the correlation is between twging fixed calculations and evaluation schemes). The PSNR is
values of the same process (stream) at timgsand X;,. commonly used in video quality evaluation, as subjective tests
When the autocorrelation is used to detect non-randomnes® impractical for larger sets of videos. Recent studies have
it is usually only the first (lagk = 1) autocorrelation that is found that the PSNR is as good a measure of video quality as
of interest. When the autocorrelation is used to identify asther more sophisticated objective quality metrics [22]. As the
appropriate time series model, the autocorrelations are usugiifeo quality depends mainly on the luminance (Y) component
plotted for a range of lagk. With our notation the acc can beof the uncompressed video, we focus on the luminance PSNR

estimated by values. LetQY, n =0,...,N — 1, denote the quality of the
luminance component in terms of the PSNR of video frame
1 N—k (Xi fy) . (Xi+k fY) (in dB). For an individual frame, the difference between the
px(k) = 57— > 5z » (8 original imageI and its encoded (and subsequently decoded)
i=1

counterpart! is calculated as mean squared error (MSE)

wherek =0,1,..., N — 1. In Figurel3 we plot the frame size 1 D, D, ~ 9
autocorrelation coefficients as a function of the kafgr a target MSE = 5——F=- >3 [I( z, y) —I(z, y)} ;. (6)
bit rate of 300kbps. The autocorrelations of the MC-3DEZBC v

encodings drop sharply and are reduced to minuscule valyggere andD, denote the horizontal and vertical dimensions
for higher lags. The autocorrelation fdrhe Lady and The g5 (z,y) denotes the position of the pixel. The quality as

Tramp encoded in MPEG-4, however, only drops off sharplpgnR for a given video frame is then calculated as
at the beginning and levels out around 0.2. This outcome

indicates that there is some correlation between relative distant Q= 10 - log 2552 )
frame sizes fofThe Lady and The TrampIPEG-4 encoding. " YW MSE,

The autocorrelation folThe Terminatorencoded in MPEG-4, e pasic video quality statistics are similar to the video traffic
however, drops off faster than the two wavelet encodings,with 5 .4 cteristics in Sectichl defined as mean qualit,, and

no correlations for higher lags. The frame sizes for both MGy efficient of quality variationCoQV'. In addition we define
3DEZBC encodings exhibit no correlations at longer dlstancqﬁe quality range (in dB) of a video sequence as

The result of the autocorrelation comparison is thus that

the DCT-based MPEG-4 encoding produces frame sizes with = max (p,— min Q,. (8)
content-dependent autocorrelation, whereas the wavelet-based OsnsN-1 OsnsN-1

MC-3DEZBC seems to be more neutral in producing onlyhese basic statistics fdihe Terminatorare given in Tabldl.
minimally autocorrelated frame sizes. We begin our observation for the target bit rates of 100kbps and

x=1y=1



TABLE I

55

OVERVIEW OF QUALITY STATISTICS FORThe TerminatoENCODED WITH "Wavelet-Lady of the Tramp ——
WAVELET-BASED MC-3DEZBCAND DCT-BASED MPEG-4ENCODER Wavelet-Terminator -
50 |- Mpeg—L&dy othhe Tramp -oxe e
Target - ‘ ‘ peg— erm!nator S U
Rate [kbps] Q | CoQV | Qpix sEo
Wavelet
25 25.13 0.145 | 72.570 o« T T ’ m
75 29.76 0.123 | 69.070 Z 40t ;
100 31.01 0.118 | 68.030 E
300 36.86 0.102 | 62.480
600 41.65| 0.090 | 57.940 s L
800 43.93 0.083 | 55.480
1000 45.83 0.077 | 53.670 £
1200 47.39 0.071 | 51.700 30 g
1400 48.72 0.065 | 49.930
1600 49.84 0.058 | 49.160 ! ! : ; ; : :
MPEG_4 25 L L L L L L L
5 3018 T 0081 29638 0 200 400 600 800 1000 1200 1400 1600
75 30.18 0.081 | 37.507 Data Rate (kbps)
égg ggﬂ 823411 ggggg Fig. 4. Average video quality as function of encoding target bit rate for
600 3918 0139 | 65120 wavelet 3D-EZBC and MPEG-4 encoded movies.
800 40.41 0.160 | 65.120
1000 41.25 0.188 | 65.594 0.3 : | T T T
1200 41.90 0.190 | 64.356 MPE(iﬂ-éIIE_ng _?_nd Trartrlp —
1400 43.12 0.191 | 66.059 -% lerminator -
1600 4255 | 0.221 | 66.039 0.25 | MC-3DEZBC Terminator -
MC-3DEZBC Lady and Tramp =
02 777777777777777777 ’/,‘/
up, as for the lower target bit rates, the bounded MPEG-4 quarg,
tization scale setting does not allow for a fair comparison. Weg 015 fx O
observe that the average video quality for MPEG encoded video a *x/

sequences is always lower than for the 3D-EZBC encodings. 0.1 pfoprie
Earlier comparison studies in [5], where only the lowest target R Wt S
bit rates were evaluated, showed a difference of approximately  0.05
0.5dB in favor of DCT-based video encodings based on the
PSNR of the luminance. In contrast we find that the quality 0
difference increases with the target bit rate and even reaches a 0O 200 400 600 800 1000 1200 1400 1600
significant difference of more than 7dB, but for the wavelet Data Rate (kbps)

based encodings. We also find that the video quality frofig- 5. Coefficient of quality variation for wavelet 3D-EZBC and MPEG-4
wavelet based encodings is always higher than for DCT-bagigoded movies.

MPEG-4 encodings for target bit rates higher than 100kbps. Our

results indicate that the quality difference between wavelet agding of decreasing in value for the 3D-EZBC encoding, while
MPEG encoded video increases faster than linear dependingteasing in value for MPEG-4 encoding.

the target bit rates. For network simulation studies the quality For the transmission of video, the encoded video quality
to bit rate relationship cannot be simply scaled. Our resuliad video traffic have to be taken into account. We use the

furthermore show that for higher target bit rates, the wavelgpefficient of correlation as measure of (linear) dependency,
based 3D-EZBC clearly outperforms the DCT-based MPEGgfined as

encoding. . o2
Figure 4 illustrates the average video quality for the two oy = (2 (e _jc)z (Wi~ y)ﬁ)z 9)
encoding methods and the two evaluated movies. The average 2w =7)%- 3 (yi = 7)

gualities for both encoding methods increase over the whdt® a set of data points by, andy,;. We start by comparing

bit rate scale, although the marginal return in terms of qualitiie correlation of mean frame sizes and mean frame qualities
decreases with increasing target bit rate (i.e., for higher tardet target bit rates greater than or equal to 100kbps. Huo

bit rates, an increase in the bit rate results in a less than linkady and The Tramms well asThe Terminator we obtain
increase in quality). From Tablkél we observe the variation of a correlation of 0.9 between quality and size for 3D-EZBC
the video qualityCoQV increases over the whole quantizatiomnd MPEG-4 encodings. This indicates a strong correlation
scale for the MPEG-4 encodethe Terminator whereas the between the quality and the size of the encoded video frames for
CoQV decreases over the whole quantization scale for tdéferent target bit rates. The correlation between the coefficient
3D-EZBC encoding. We illustrate the characteristic of thef variation for frame sizesCoVx and the coefficient of
CoQV in FigureS. The quality range)™2* follows the same variation for video qualitiesCoQV, also calculated starting

min
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