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Abstract

We introduce a new image compression algorithm that allows progressive image
reconstruction — both in resolution and in fidelity, with a fully embedded bit-
stream. The algorithm is based on bit-plane entropy coding of reordered trans-
form coefficients, similar to the progressive wavelet codec (PWC) previously in-
troduced. Unlike PWC, however, our new progressive transform coder (PTC)
does not use wavelets; it performs the space-frequency decomposition step via a
new lapped biorthogonal transform (LBT). PTC achieves a rate vs. distortion
performance that is comparable (within 2%) to that of the state-of-the-art SPIHT
(set partitioning in hierarchical trees) codec. However, thanks to the use of the
LBT, the space-frequency decomposition step in PTC reduces the number of
multiplications per pixel by a factor of 2.7, and the number of additions by about
15%, when compared to the fastest possible implementation of the “9/7” wavelet
transform via lifting. Furthermore, since most of the computation in the LBT is
in fact performed by a DCT, our PTC codec can make full use of fast software
and hardware modules for 1-D and 2-D DCTs.

1. Introduction

Most modern image (picture) compression algorithms employ a wavelet transform (WT)
followed by quantization and entropy encoding [1]-[3]. The WT is preferable over the
discrete cosine transform (DCT) used in the popular JPEG (Joint Photographic Experts
Group [4]) codec mainly because of three aspects. First, WTs do not have blocking arti-
facts like the DCT at low bit rates; second, WTs naturally allow for image reconstruction
that is progressive in resolution; third, WTs lead to better energy compaction, and there-
fore better distortion/rate performance, than the DCT. The best performance of WT-based
codecs can be attested by the fact that all JPEG-2000 candidate codecs were WT-based.

The better performance of the WT is not without a cost. There are two main disadvan-
tages of WTs with respect to the DCT. First, lack of localized data access. A 2-D separa-
ble WT has to perform filtering across image columns, which can produce significant
cache misses in a simple row-column filtering implementation. It is possible to compute
the WT coefficients in a line-by-line approach, without explicit full-column filtering [5],
but the coefficients will then be stored in an interleaved vertical order, which may slow
their access in further stages of the compression algorithm.



Besides a high compression ratio for a given image quality, other features are impor-
tant in a good image codec. Especially useful are codecs that allow progressive encoding
with an embedded bitstream, such as the embedded zerotree wavelet (EZW) [1] and set
partitioning in hierarchical trees (SPIHT) [2] codecs. With embedded bitstreams, the co-
efficients are encoded in bit planes, with the most significant bit planes being transmitted
first. In that way, the decoder can stop decoding at any point in the bitstream, and it will
recover an image that has the fidelity level corresponding to how many bit planes were
received. Also, within each bit plane the WT coefficients are encoded into increasing or-
der of resolution. In that way, the encoding for the same image at a lower resolution (e.g.
half the pixels in both horizontal and vertical directions) can be obtained simply by pars-
ing each bit plane and removing in each the trailing end bits corresponding to the highest
WT resolution levels.

Embedded encoding can be achieved by bit-plane encoding [6] of scalar-quantized
wavelet coefficients. The most significant bit planes will naturally contain many zeros,
and therefore can be highly compressed via entropy coders such as arithmetic or even run-
length coders. Bit-plane encoding is more efficient if we reorder the wavelet coefficient
data in such a way that coefficients with small absolute values tend to get clustered to-
gether, increasing the lengths of the zero runs in the bit planes. Data structures such as
significance trees (or zerotrees) [3] are very efficient in achieving such clustering of ze-
ros. They are used in EZW, SPIHT, and other WT-based codecs [1]-[3].

An efficient approach for embedded bit-plane coding of wavelet coefficients was pre-
sented in [7]. Instead of significance trees, a spatio-temporal neighborhood relationship is
used to group the bit planes in four subsequences. Each subsequence is then encoded with
an elementary Golomb (EG) coder, which is an effective run-length encoder [8]. The al-
gorithm in [7] performs quite closely to SPIHT, but has a lower complexity and can en-
code all bit lanes through a single pass through the wavelet coefficients. Another ap-
proach for bit-plane encoding of ordered wavelet coefficients is presented in [9].

In [10] we presented PWC (progressive wavelet coder), an algorithm for embedded
WT-based image coding in which the zero clustering of WT coefficients is achieved sim-
ply by reordering blocks of wavelet coefficients in a data-independent fashion, without
the use of significant trees. Such a simple algorithm actually matches the performance of
SIPHT with binary symbol encoding [10]. Thus, we can say that the combination of coef-
ficient reordering and adaptive run-length coding in PWC achieves roughly the same
compression gain as the significance tree used in SPIHT (the bit rate in SPIHT can be re-
duced by an extra 5% by using adaptive arithmetic encoding, at the expense of increased
computational complexity).

In this paper we introduce the PTC coder, in which we replace the wavelet transform
of PWC by a particular structure of the hierarchical lapped transform (HLT) [11], in
which we cascadex® lapped biorthogonal transforms (LBT) [12] witk@ DCTs ap-
plied to the LBT coefficients. The HT coefficients are reordered in a way inspired by
[14], so they form a space-frequency decomposition similar to that of a six-level WT. In
that way, we maintain the scalability (in fidelity and resolution) and embedded bitstream
features of PWC, while reducing considerably (by a factor of about two or more) the
computational complexity of the space-frequency decomposition. Also, since the main



computation engine of PTC is am@82-D DCT, specialized software or hardware mod-

ules for the 2-D DCT, such as those used in JPEG codecs, can be leveraged for PTC. This
significant complexity reduction of PTC comes at a small price: a reduction of about
2.7% in coding efficiency. In many applications, it is worthwhile to sacrifice 2.5% of file
sizes for a significant reduction in computational complexity.

In Section 2 we review the basics of the LBTs, and present the hierarchical construc-
tion used in the PTC codec, which is described in Section 3. We compare the computa-
tional complexity and performance of PTC, PWC, and SPIHT in Section 4. Finally, gen-
eral conclusions are presented in Section 5.

2. Lapped Biorthogonal Transforms

The lapped orthogonal transform (LOT) [11], [12], was developed as an alternative to the
DCT with reduced blocking artifacts and increased coding gain. By combining DCT coef-
ficients of adjacent image blocks in an appropriate way, the LOT in fact projects the im-
age onto a set of overlapping basis function that maintain orthogonality not only within a
block but between neighboring blocks (“orthogonality of the tails” [11]). The functions
decay to near zero at their ends, reducing blocking effects considerably. The extended re-
gion of support of the LOT basis functions (16 pixels for length-8 blocks) also lead to a
small increase (~ 1dB) of the transform coding gain.

Blocking effects are strongly attenuated with the LOT, but not totally eliminated, be-
cause the low-frequency basis functions still have small discontinuities. One way to com-
pletely eliminate blocking effects is to use the lapped biorthogonal transform (LBT),
which is based on a few modifications of the original LOT computation flowgraph [13].
The LBT flowgraph is shown in Figure 1. The construction of only one block is shown;
the others are obtained simply by replicating the structure. Image boundaries are handled
by a simple modification of the first and last blocks, as discussed in [11], so that no ex-
plicit data reflection is necessary and all operations are performed in-place. We form the
LBT of a block by combining the DCT coefficients of adjacent blocks, mostly through
trivial +1/-1 butterflies. The scale factora, {, c} control the shape of the basis func-
tions. As long as we use the inverse scaling factors, {#3, 1/c} in the inverse trans-
form (right-to-left in Figure 1), the transform is guaranteed to be biorthogonal, i.e. in ab-
sence of quantization the input data is recovered exactly by the inverse transform.

The original LBT construction in [13] included only the scaling factoesxd 14. By
introducing the additional scaling factdr&ndc we maximize the coding gain under the
assumption that all coefficients are quantized with the same step size. The optimal scale
factors are shown in the Table 1.
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Figure 1. Flowgraph of the lapped biorthogonal transfodrns a 44
orthogonal matrix, as described in [11]. The scale factors {a, b, c}
control the shape of the basis functions. The inverse LBT is obtained
with the same flowgraph, with processing from right to left and {a, b, c}
replaced by {1/a, 1/b, 1/c}.

Parameter Direct Transform Inverse Transform
a J2 V172
b VJ3/4 V413
c V475 J5/4

Table 1.Optimal scaling factors for the LBT



The LBT can be used in place of the DCT in any block-transform-based image coder.
In fact, if we replace the DCT in JPEG by the LBT, blocking effects are eliminated and
compression performance is improved, as reported in [13].

In order to achieve resolution scalability and to use a block transform in a codec origi-
nally designed for wavelets, we can reorder the block transform coefficients as shown in
Figure 2. That ordering is similar to the one presented in [14], but not identical. It allows
us to consider an<® block transform as if it were a 3-level wavelet decompaosition.
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Figure 2. Coefficient reordering to map a block&8transform into a 3-
level wavelet-like tree. For example, the top rightddblock is sent to
the LH image, and thex2 block to its left is sent to the LH image of the
previous resolution level.

2.1. LBT-based Hierarchical Transform

In order to achieve the typical six levels of space-frequency resolution of a wavelet codec
such as PWC, we can further decompose the LL image formed by all DC coefficients of
the &8 LBT blocks. However, since blocking artifacts are already removed in the first
LBT stage, we can use a standard DCT in this second decomposition. The idea is shown
in the simplified diagram of Figure 3. Such hierarchical decompositions are discussed in
more detail in [11].

The DCT coefficients of the second level of the hierarchical transform in Figure 3 are
also reordered according to the mapping n Figure 2. In that way, we obtain a full six-level
wavelet-like space-frequency decomposition. In the decoder, if we want to stop at any
level of resolution, we simply zero the coefficients of the remaining LH, HL, and HH



bands. Interpolation of the resulting image to the original resolution is automatically
achieved by the inverse DCT/LBT transfotm.
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Figure 3. Six-level multiresolution decomposition (hierarchical trans-
form) used in PTC. The DC coefficients of every eight LBT blocks are
combined for the next transform stage. The DCT outputs are then
reordered again to form the next three levels of the multiresolution
decomposition.

! Note that the DCT basis functions are not very good interpolation filters. However, since the LBT func-
tions are good filters [12] the interpolation procedure mentioned above works very well, typically with
fewer aliasing artifacts than wavelet-based interpolation.



3. PTC Image Coding

In the previous section we described how to obtain a six-level space-frequency decompo-
sition that’'s very similar to that of a wavelet transform, but using instead a hierarchical
transform formed by LBTs followed by DCTs. A question that naturally arises is then:
can we replace the 9/7 WT used in most wavelet codecs by the hierarchical LBT/DCT
transform, without any other changes?

The answer is definitely positive. In fact, that is the main idea behind the embedded
zerotree DCT (EZDCT) codec in [14]. EZ-DCT uses a 3-level wavelet-like decomposi-
tion based on reordered DCT coefficients, and the same coding strategy as SPIHT. Al-
though it achieves better compression than JPEG, EZ-DCT still suffers from blocking
artifacts. By replacing the DCT by an LBT, we can build an EZ-LBT codec, as described
in [13]. The EZ-LBT codec has no blocking artifacts and achieves compression ratios that
are very close (within 5% or less) to those of SPIHT. A similar idea was also used in [16],
with a different LBT and a 3-level only decomposition.

We define the PTC codec as a PWC codec in which we replace the 9/7 biorthogonal
wavelet transform by the LBT/DCT hierarchical transform described in Section 2, as
shown in Figure 4. All other characteristics of PWC (“ping-pong” block reordering and
adaptive run-length encoding of the quantized coefficients) are not changed. Therefore,
we refer the reader to [10] for the details of PWC.

_input Compressed
Image LBT/DCT Coefficient Adaptive data
—®»| Hierarchical |—! reordering —® bit-plane +—»
Transform encoding

Figure 4. Simplified block diagram of a PTC image encoder.

4. Performance of the PTC Codec

We tested against the PWC [10] and SPIHT [2] codecs, using the grayscale versions of
the 512x 768 images in the Kodak test set [15]. Table 2 shows the resulting bit rate for a
peak signal-to-noise ratio (PSNR) in the decoded images of 46.0miBhat table,
SPIHT-B refers to the binary encoded version, and SPIHT-A reefers to SPIHT with
arithmetic coding. The Table also corrects a small error with respect to the PWC numbers
reported in [10].

2The PSNR is defined as 20 log10 (255ih dB, where e is the root-mean-square reconstruction error.



Image SPIHT -B | SPIHT - A PWC PTC
1 2.60 2.43 2.57 2.57
2 1.10 0.99 1.07 1.16
3 0.62 0.57 0.64 .63
4 1.09 1.01 1.07 1.09
5 2.34 2.20 2.36 2.45
6 1.77 1.66 1.77 1.76
7 0.80 0.72 0.80 0.85
8 2.63 2.45 2.61 2.71
9 0.74 0.68 0.77 0.77
10 0.87 0.80 0.90 0.92
11 1.58 1.47 1.58 1.63
12 0.87 0.79 0.88 0.88
13 3.23 3.04 3.17 3.23
14 2.07 1.92 2.03 2.1
15 0.94 0.86 0.96 0.97
16 1.17 1.09 1.17 1.17
17 1.03 0.95 1.05 1.08
18 2.07 1.93 2.04 2.07
19 1.47 1.37 1.44 1.45
20 0.78 0.71 0.80 0.85
21 1.47 1.37 1.46 1.50
22 1.54 1.44 1.51 1.52
23 0.38 0.35 0.39 0.42
24 1.89 1.77 1.88 1.97

Average 1.46 1.36 1.45 1.49

Table 2. Bit rates in bits/sample for image encoding algorithms at 40 dB
PSNR. SPIHT-A uses arithmetic coding, and SPIHT-B uses binary encoding.
PWC is described in [10] and PTC is the proposed coder. For the same data set
and fidelity, JPEG uses an average of 1.62 bits/pixel.

From the results in Table 2 we see that the performance of the PTC codec is close to that
of PWC (which in turn is almost identical to that of SPIHT-B). For the Kodak data set,
PTC is about 2.7% worse than PWC, but still about 9.1 % better than JPEG. We have to
be careful in comparing these numbers, since constant PSNR does not mean constant
guality. Among the wavelet codecs using the same WT filters, same PSNR means same
quality, because the reconstructed images are identical for the same PSNR. However, for
PTC the reconstructed image looks different from that generated by a wavelet codec. One
example is shown in Figure 5. We note that whereas a wavelet codec tends to blur some
horizontal and vertical features, PWC preserves those better. On the other hand, PTC has
a little more ringing than PWC. On informal tests, it seems that PTC produces a slightly
sharper picture for the same PSNR as PWC. That may compensate for the ~3% compres-
sion ratio gap.



Figure 5. Decoded image # 22, PSNR = 36 dB. Left: PWC, Right: PTC.

The main advantage of PTC over PWC or other wavelet codecs is in the complexity of its
space-frequency decomposition. Table 3 shows that the LBT/DCT hierarchical transform
used in PTC reduces the number of multiplications per pixel by a factor of 2.7, while re-
ducing the number of additions by about 14%.

Multiplications Additions
Transform . . . .
per input pixel per input pixel
9/7 Wavelet (via lifting) 15.8 15.8
LBT/DCT 5.8 13.7

Table 3. Computational complexity comparison: 9/7 WT versus LBT/DCT.

An alternative way to reduce the computational complexity in a wavelet codec would be
to use shorter WT filters. For example, if we use a 5/3 biorthogonal WT [17] imple-
mented via lifting, the computational complexity drops by a factor of two, i.e. 7.9 multi-
plications and additions per input pixel, better then the PTC. However, form the results in
[17] we estimate that the 5/3 WT leads to an increase in bit rate of about 15% (compared
to a bit less than 3% for the PTC).

5. Conclusion

We have introduced a progressive transform coder (PTC), which achieves a distortion vs.
rate performance in image coding comparable to wavelet-based codecs. The main advan-
tage of the PTC codec is it simplicity and lower computational complexity. With a com-
pression ratio performance penalty of about 3%, PTC uses less than half the number of



multiplications and 14% fewer additions per input pixel than the 9/7 biorthogonal wavelet
transform used in many wavelet codecs. PTC also produces slightly sharper images.
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