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A Comparative Study of DCT- and Wavelet-Based Image Coding
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Abstract—We undertake a study of the performance difference ~ We first point out that the baseline JPEG coding results
of the discrete cosine transform (DCT) and the wavelet transform that many people use as the performance benchmark are far

for both image and video coding, while comparing other aspects ¢, the hest that JPEG offers. Much better performance can
of the coding system on an equal footing based on the state-of-the-

art coding techniques. Our studies reveal that, for still images, the °€ obtained with JPEG by optimal quantization matrix (Q-
wavelet transform outperforms the DCT typically by the order Mmatrix) design [8], [9] and coefficient thresholding [10], while
of about 1 dB in peak signal-to-noise ratio. For video coding, being compatible with the JPEG syntax. Note that, for the
the advantage of wavelet schemes is less obvious. We believe thagigndard 512« 512 Lenaimage at a moderate bit rate, the

the image and video compression algorithm should be addressed , ;5| JpEG coder in [11] gives even better peak signal-to-
from the overall system viewpoint: quantization, entropy coding,

and the complex interplay among elements of the coding system noise_ ratio (PSNR) than the original EZW coder proposed by
are more important than spending all the efforts on optimizing Shapiro [6].

the transform. We then compare DCT- and wavelet-based image coding
|ndex Terms_Discrete Cosine transform (DCT), |mage Cc)dingl based on I‘ESUHS |n the ||terature fOI’ the 5)1512 Lenaand
video coding, wavelet transform. Barbara images. For a fair comparison, we have to weigh

in complexity and performance. It is well acknowledged that
hardware (or software) implementation of the DCT is less
expensive than that of the wavelet transform. For example,
RANSFORM coding has become the de facto standafife most efficient algorithm for the two-dimensional (2-D) 8
paradigm in image (e.g., JPEG [1], [2]) and video coding 8 DCT requires only 54 multiplications [12], while the com-
(e.9., MPEG-2 [3] and H.263 [4]), where the discrete cosingexity of calculating the discrete wavelet transform depends
transform (DCT) is used because of its nice decorrelation agf the length of the wavelet filters, which is at least one mul-
energy compaction properties [5]. In recent years, much of thgjication per coefficient. We hence focus on the performance
research activities in image coding have been focused on Hﬁnparison of DCT- and wavelet-based coders in this paper.
discrete wavelet transform. While the good results obtained by, accurately characterize the coding performance differ-
wavelet coders (e.g., the embedded zerotree wavelet (EZ¥ e due to the transform (wavelet versus DCT), we have
coder [6] and the set partiFioning in hierarchical trees (SPIHT keep the quantizer (and entropy coder) the same. Two
coder [7]) are partly attributable to the wavelet transformepresentative quantizers are used: the uniform quantizer in
we emphasize that much of the performance gain is obtainggaline JPEG [1] and the zerotree quantizer in SPIHT [7].

by carefully designing quantizers (e.g., zerotree quantiz§fls pick the SPIHT coder because it is an improved version
that are tailored to the transform structure. We have See”oif‘Shapiro’s original EZW coder. We will explain in detail

publications where many authors compare their best wavel%—y differences between the two embedded coders.

based coding scheme with the worst DCT-based schemere actyal performance comparison is carried out by citing
(e.g., baseline JPEG). This often gives readers a d'Stor}%gults from two coders: the wavelet-based JPEG-like coder

perspective of the issues involved in image coding. roposed by de Queiroet al. [13], where only the DCT in

In this paper, we highlight the coding gain of the wavel aseline JPEG is replaced by a three-level wavelet transform,

transform over the_DCT while comparing the ther asPeclyy the DCT-based embedded image coder described in [14],
of the system design on an equal footing. This allows ere a zerotree quantizer is used to quantize 8 DCT

to address the real issues involved in image coding, Wh'S efficients. Results from these coders show that, when the

are quantization and entropy coding rather than the differen . .
caused by the DCT and the wavelet transform. We feel H}S;a?me quantizer (and entropy coder) is used, the wavelet

this viewpoint is not very well represented in the image-codin énsform (using the 7/9 biorthogonal wavelet filters [15])
communﬁ y P 9 &ves only 0.6—1.0-dB gain over the DCT at the same bit rate.
Y. We also compare the DCT and the wavelet transform

for video coding. Both 2-D and three-dimensional (3-D)
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TABLE | TABLE 1l
PERFORMANCE COMPARISON OF BASELINE PERFORMANCE COMPARISON OF SHAPIRO'S EZW CoODER [6] AND
JPEG [2]AND ITS OPTIMIZED VERSION [11] THE SPIHT GoDER [7] PROPOSED BY SAID AND PEARLMAN
PSNR. (dB) PSNR (dB)

Rate | Baseline JPEG [2] | Optimized JPEG [11] Rate EZW [6] SPIHT [7]

(b/p) | Lena | Barbara | Lena Barbara (b/p) | Lena | Barbara | Lena | Barbara

0.25 | 31.60 25.20 32.30 26.70 0.125 | 30.23 24.03 31.09 24.85

0.50 | 34.90 28.30 35.90 30.60 0.25 | 33.17 26.77 34.11 27.58

0.75 | 36.60 31.00 38.10 33.60 0.50 | 36.28 30.53 37.21 31.39

1.00 | 37.90 33.10 39.60 35.90 0.75 39.04 34.25
1.00 | 39.55 35.14 40.40 36.11

current MPEG-4 verification model (VM), which is a slightlythe spectrum flatness of the input image [23]. An example

modified DCT-based H.263 coder. Samoff's wavelet-based, o\ ejet image coding is Shapiro’'s EZW coder [6]. The
video coder gives gomparaple performaqce to .t.he VM. . main contribution of Shapiro work is zerotree quantization
d In 3.'D suggang \?I_(liteo_ codlr]:g [1731_[]?1]’ n ‘idd't'on tlo Zpat'a(gf wavelet coefficients, which works by efficiently predicting
omain subband THenng ot each irame, temporal doMaiy onjqren nodes based on the significancel/insignificance of
subband filtering is also used to exploit redundancies in ¢ eir parent. An embedded zerotree quantizer refines each input

SK?CUUVZ frPamels with or W:houttmoc';lo(;l tc;]omg(;r:;?rtlorlw (Mtcr:1 oefficient sequentially using a bitmap type of coding scheme,
f m an rear matn r:%ecé)en.é/ ex er& S le das3 S%JFTIH d it stops when the size of the encoded bitstream reaches
rom 2-D images to 3-D video and developed a 3- the exact target bit rate.

video coder [22], where segments of 16 consecutive frame

the codt_er in [22] without MC are abo.ut 1.4—1_.8 dB less tha}ﬂree reasons:
those given by the H.263 coder, which requires much more b et fil 219 biorth | let i
computation. For comparison purposes, we replace the wavelet etterdwa}vle et hltgersl\zF il |ort. ogonal wavelet filters
transform in the 3-D SPIHT video coder with thex88 DCT instead of length-9 Q ilters);

and build a 3-D DCT-based SPIHT video coder. Experiments® special symbol for the significance/insignificance of child
indicate that the average PSNR difference between using the nodes of a significant parent;

3-D wavelet transform and the 3-D DCT is about 0.5 dB. We « separation of the significance of child (direct descendant)
believe that more research is needed in both 2-D and 3-D nodes from that of the grandchild nodes.
wavelet-based video coding, especially in the areas of optimal

MC and transform structure. IV. COMPARISON OF DCT- AND
WAVELET-BASED IMAGE CODING
Il. DCT-BASED JPEG MAGE CODING We now proceed to compare the DCT and the wavelet

The basic components of the JPEG standard [2] are the D&ansform for image coding. To this end, we fixed the quantizer
transform, scalar quantization, zig-zag scan, and Huffm&and entropy coder) while allowing the transform to vary, as
coding. It has long been realized that the current JPEG standdig is the only way to provide accurate assessment of the
does not provide state-of-the-art coding performance. Sevegabing efficiencies of wavelet versus DCT.
methods have been proposed to improve upon JPEG, including
optimal Q-matrix design [8], [9], optimal thresholding [10],A. Wavelet-Based JPEG-Like Image Coding

and joint optimization [11]. In Table |, we tabulate the coding \when the wavelet transform is coupled with the baseline
results in PSNR of the baseline JPEG t@naandBarbara  jpEG quantizer, the resulting coder becomes the one described
To highlight the best results one can get while being cony [13], where only the DCT in baseline JPEG is replaced
patible with the JPEG standard, we include in Table | resuly a three-level wavelet transform. The wavelet coefficients
from the optimal JPEG coder described in [11]. The gain frogye rearranged into wavelet blocks and scanned into vectors
optimizing JPEG can be as much as 1.7 dB at the same fdfore scalar quantization and Huffman coding (see Fig. 1).
rate. This clearly indicates that the baseline JPEG is far frofgain of about 1 dB was reported in [13] feenawith the
optimal. Results in Table | also show that the optimal JPEgavelet-based JPEG-like coder over the baseline JPEG.
coder is capable of surpassing Shapiro’s embedded zerotree

wavelet (EZW) coder in performance. B. DCT-Based Embedded Image Coding

If we fix the SPIHT quantizer and use it to quantize the
DCT coefficients, we will have a DCT-based embedded image

Recent years have witnessed explosive growth in reseaodder. Such a coder is described in [14]. The observation in
activities involving wavelet image coding [15]. Earlier relatedil4] is that an 8x 8 DCT image representation can be thought
work in subband image coding showed the potential codirg as a 64-subband decomposition, and that we can treat each
gain of subband/wavelet image coding, which depends 8nx 8 DCT block as a depth-three tree of coefficients. After

I1l. WAVELET IMAGE CODING



694 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 9, NO. 5, AUGUST 1999

" T T T T TABLE 1II
m ‘[ f PERFORMANCE COMPARISON OF THE DCT-BASED
; EMBEDDED IMAGE CoDER [14] AND THE SPIHT CGoDER
@ & E‘/ . * [7] WHEN A THREELEVEL WAVELET TRANSFORM IS USED
= — IR PSNR (dB)
o i % Rate SPIHT with Embedded DCT [17]
! 3-level wavelet (8 x 8 DCT only)
I ! (b/p) | Lena | Barbara | Lena Barbara
[ 4 L 0.125 | 30.13 | 24.16 | 28.50 2107
0.25 | 33.53 27.09 32.27 26.93
Fig. 1. In the wavelet-based JPEG-like image coder [13], the three-level 0.50 | 36.90 ) 31.07 | 35.98 30.87
wavelet transform coefficients are rearranged into blocks and scanned into 0.75 | 38.86 | 34.00 | 38.04 33.73
vectors before scalar quantization and Huffman coding. 1.00 | 40.23 | 36.17 | 39.60 36.08
; ; ; TABLE IV
0 1 7 4 5 16 17 20 21 PerRFORMANCE COMPARISON OF THESPIHT GopeR [7] AND THE DCT-BASED
: : : EMBEDDED IMAGE CODER [14] wiTH ADDITIONAL 8 X 8 DCT oF THE DC IMAGE
: _ : PSNR (dB) B
2 3 6 7 . 18 19 22 23 Rate SPIHT 7] Embedded DCT +
......... DCT of the DC image
(b/p) | Lena | Barbara | Lena Barbara
8 9 12 13 24 25 28 29 0.125 | 31.09 | 2485 | 29.32 2151
: : 0.25 | 34.11 27.58 32.63 27.26
. . 0.50 | 37.21 31.39 36.13 31.10
10 11 ° 14 15 © 26 27 30 31 0.75 139.04 | 34.25 | 38.14 33.93
: : 1.00 | 40.40 36.41 39.69 36.21

: The DCT-based coder has lower complexity than its

34 15 13 39 50 51 4 ss wavelet-based counterpart. The loss in performance for using
: DCT instead of the wavelet transform is only about 0.7 dB for

Lenaat 1 b/p (see Tables lll and V), although the performance

gap widens as the bit rate decreases. The remarkable thing
: about the DCT-based embedded coder is that it give better

42 43 46 47 1 58 59 62 63 PSNR'’s over those from both JPEG and Shapiro’'s EZW
: coders.

40 41 44 45 1 56 5T 60 6l

Fig. 2. In the DCT-based embedded image coder [14], an@8DCT block
is treated as a depth-three tree of coefficients. V. COMPARISON OEDCT- AND
WAVELET-BASED VIDEO CODING

labeling the 64 DCT coefficients in each block as in Fig. 2, Standard video coding methods are based on the framework
we can identify the parent—children relationships between D@F applying the DCT to the motion-compensated residual
coefficients as follows: the parent of coefficienis |i/4] for images [3], [4]. Wavelet-based video coding has been an
1 < ¢ < 63, while the set of four children associated withintriguing research topic. One approach is to replace the
coefficientj is {45,475 + 1,45 + 2,45 + 3} for 1 < j < 15. DCT in standard methods by the wavelet transform. The
The dc coefficient “0” is the root of the DCT coefficient treekey difference in this 2-D transform (DCT or wavelet)-based
which has only three children: coefficients 1, 2 and 3. video coding approach is that the motion-compensated residue
In the DCT-based embedded coder [14], no more processingages have quite different statistics from most natural still
(DPCM, DCT, or wavelet transform) is applied to the démages, namely, less spatial correlation after motion com-
image. For fair comparison, we set the number of wavelpénsation. This renders the rationale behind using 2-D linear
transform levels to three in the SPIHT coder so that the simansformations for decorrelation and energy compaction less
of the lowest band for both coders is the same. Coding resuktevant. Other predominant issues involved in 2-D wavelet-
from both coders are given in Table Ill. One way to improveased video coding have to do with what is a good paradigm
the coder in [14] is to apply an & 8 DCT to the dc image. for motion compensation (e.g., block based or hierarchically
The coefficient tree structure for this case can be similarbased). Driven by the huge potential applications of digital
constructed as for the wavelet case. The advantage of furthieleo and the MPEG-4 standardization effort in low-bit-rate
transforming the dc image is better compression at lower kitleo coding, many researchers have applied wavelets to the
rate due to energy compaction into fewer dc coefficients. Tleding of motion-compensated residue images [16], [24]. In
two-layer 8 x 8 DCT transform structure can be thought of a%able V, we quote results from the wavelet-based zerotree
an equivalent of six-level wavelet transform, which is used ientropy (ZTE) video coder [16] proposed by Sarnoff Corp.
[7] for the 512x 512LenaandBarbaraimages. Results from to MPEG-4 and compare them with those from the MPEG-4
the improved DCT-based embedded coder and those repontedfication model [25], which is a slightly modified DCT-
in [7] are given in Table IV. based H.263 coder. We see that the wavelet-based ZTE coder
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TABLE V
PERFORMANCE COMPARISON OF SARNOFF S WAVELET-BASED
ZTE [16] CopeR AND MPEG-4's DCT-BASED CODER
IN THE VM [25] FOR Low-BiT-RATE VIDEO CODING

Sequence Bitrate | Y/C | VM [20] | ZTC [19]
Akiyo 24 kb/s Y 37.46 36.64 [1]
@ 10 /s C 42.15 44.02
Hall Monitor | 24 kb/s | Y 34.46 34.11 [2]
@ 10 f/s C 39.38 39.63
Coast 48 kh/s | Y 29.74 29.20 [3]
@ 7.5 /s C 40.78 40.88
News 48 kb/s | Y 35.10 35.17 [4]
@ 7.5f/s C 39.11 40.46
(5]
TABLE VI [6]

PERFORMANCE COMPARISON OF 3-D SPIHT ViDEO CODERS USING THE
WAVELET TRANSFORM AND THE DCT WiTHOUT MOTION COMPENSATION

(7]

; H.265 13D WT | 3D DCT
Sequence | Bitrate | (tmn2.0) “ SPIHT | SPIHT
(QCIF) | (kb/s) | (dB) | (dB) | (dB) (8]
Mother | 1641 | 34.06 3237 | 31.87
Dauglter [
News 3549 | 3240 | 31.02 | 30.60
Foreman | 20.97 | 27.21 I 25.85 25.21 [10]
Container | 22.08 | 3228 | 30.50 30.28

[11]
produces comparable objective performance to the DCT-based
coder in the VM at the same bit rate and frame rate.

Recently, there has been active research in 3{8?
subband/wavelet-based video coding [17]-[21]. Choi arngs
Woods [21] reported better results than MPEG-1 using a 3-D
subband approach together with a hierarchical variable-si g[]
block-based MC scheme. The 3-D version of the SPIHT video
coder [22] was shown to give performance slightly inferior
to the H.263 coder, but with much lower complexity whemt®
MC is not used. To compare the difference between the DCT
and the wavelet transform for video coding, we extend tH&S]
DCT-based embedded image coder described in Section IV-B
to 3-D video and build a 3-D DCT-based SPIHT videgi7]
coder, which can be thought of as a DCT-based variant off?lf
the SPIHT video coder in [22]. Objective PSNR results
the Y-component (averaged over 96 frames) given by these
two video coders are tabulated in Table VI for coding foult®!
QCIF sequences at 10 frames/s. From Table VI, we see tihaj
the PSNR difference between DCT- and wavelet-based video
coding is about 0.5 dB, which is less than the image case. 21]

VI. [22]

We have carried out a comparative study of DCT- and
wavelet-based coding for both still images and video &
guences. Based on empirical performance results, we illustrgg
that the main factors in image coding are the quantizer and
entropy coder rather than the difference between the wav
transform and the DCT. For still-image coding, the difference

CONCLUSION
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between the wavelet transform and the DCT is less than 1 dB,
and it is even smaller for video coding.
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